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I 

FOREWORD 

This s tudy  w a s  sponsored by the Meteoroid S e c t i o n  of t h e  Space 
Technology Div i s ion ,  NASA Langley Research Center ,  Hampton, V i r g i n i a .  
J. S i v i t e r  w a s  t h e  NASA Techn ica l  Monitor. The c o n t r a c t  p e r i o d  
extended from J u l y  1 7 ,  1970 t o  February 1 6 ,  1971. 



SECTION I 

INTRODUCTION AND SUMMARY 

The purpose o f  t h i s  s tudy  is t o  assess the  magnitude o f  t h e  
i n f l u e n c e  of space r a d i a t i o n  upon t h e  MOS c a p a c i t o r  d e t e c t o r s  t o  b e  
flown on MTS. These c a p a c i t o r  d e t e c t o r s  are metal-oxide s i l i c o n  (MOS) 

2 s t r u c t u r e s  of a l a r g e  area (- 20 cm ) f a b r i c a t e d  by the  thermal ox ida t ion  
o f  s i l i c o n  to  form an oxide e i t h e r  0.4 pm t h i c k  o r  1.0 pm t h i c k .  To 
complete t h i s  s t r u c t u r e  an aluminum e l e c t r o d e  0 . 1  pm t h i c k  i s  evaporated 
on top of t h e  oxide.  The oxide i s  s t r i p p e d  from t h e  bottom s i d e  of t h e  
wafe r  and a second aluminum evaporat ion makes c o n t a c t  t o  t h i s  s i d e  of 
t h e  c a p a c i t o r .  The doping of t h e  s i l i c o n  i s  high s o  as t o  minimize 
changes i n  t h e  capac i t ance  wi th  vol tage.  The o p e r a t i o n  o f  t h e  c a p a c i t o r  
as a micrometeoroid d e t e c t o r  depends upon t h e  t r i g g e r i n g  o f  a c a p a c i t o r  
d i s c h a r g e  by micrometeoroid impact followed by a s e l f - h e a l i n g  i n t e r a c t i o n .  

The count ing c i r c u i t  of t h e  s a t e l l i t e  responds t o  c a p a c i t o r  d i scha rge  
p u l s e s  g r e a t e r  than 6 v o l t s .  The b i a s  a p p l i e d  t o  t h e  c a p a c i t o r s  varies 

on t h e  aluminum and t h e  1.0 pm oxide t h i c k  c a p a c i t o r ,  60 v o l t s .  Each 
c a p a c i t o r  h a s  a 1 Mi2 r e s i s t o r  i n  series w i t h  i t  s o  t h a t  t h e  power d r a i n  
through a d e f e c t i v e  c a p a c i t o r  i s  l i m i t e d  even i n  t h e  event  of a s h o r t  
c i r c u i t .  

. .. ---  W I ~ l l  -- vni;e ---- -- t h i ckness ,  t h e  0 .4  urn oxide c a p a c i t o r  b e i n g  b i a s e d  a t  +40 v o l t s  

Four p o s s i b l e  f a i l u r e  modes a re  considered i n  t h i s  s tudy :  1) spu- 
r i o u s  o u t p u t  gene ra t ed  by photocurrents ;  2) s p u r i o u s  ou tpu t  due t o  
accumulation of space  charge i n  t h e  oxide;  3) s p u r i o u s  o u t p u t  because 
o f  spontaneous d i scha rge  of  space  charge i n  t h e  ox ide ;  and 4 )  d e t e c t o r  
f a i l u r e  because of i n c r e a s e d  capac i to r  leakage (dark)  c u r r e n t .  

The f i r s t  two p o s s i b i l i t i e s  a re  d i s c u s s e d  i n  s e c t i o n s  I1 and 111, 
r e s p e c t i v e l y ,  and are dismissed as n e g l i g i b l e .  The s i g n i f i c a n c e  of t h e  
l as t  two is less c e r t a i n .  

The a n a l y s i s  i n  s e c t i o n  I V  concludes t h a t  a spontaneous d i scha rge ,  
i f  i t  o c c u r s ,  i s  no t  l i k e l y  t o  create a s i g n a l  of s u f f i c i e n t  magnitude 
t o  t r i g g e r  t h e  coun t ing  c i r c u i t  i f  only t h e  space charge w i t h i n  t h e  
ox ide  p a r t i c i p a t e s  i n  t h e  spontaneous discharge.  This  conclusion 
assumes t h a t  t h e  spontaneous discharge occurs  o v e r  only a small f r a c t i o n  
01 tile i o i a i  voiume of  che space ciiarge acid tha t  oilly a siidl f r a c t i ~ r i  
of t h e  t o t a l  space  charge p a r t i c i p a t e s  i n  spontaneous d i scha rge .  Complete 
d i s c h a r g e  o f  t h e  r ad ia t ion - induced  charge b u i l d u p ,  which is d i s t r i b u t e d  
ove r  the c a p a c i t o r  area, i s  un l ike ly  t o  occur  through a s m a l l  l o c a l i z e d  



region i n i t i a t e d  by a spontaneous discharge.  
mechanism i s  f o r  t he  spontaneous d i scha rge  to  i n i t i a t e  a c a p a c i t o r  
discharge,  which would b e  i n d i s t i n g u i s h a b l e  from a c a p a c i t o r  d i scha rge  
t r i g g e r e d  by a micrometeoroid count and an e r r o r  most c e r t a i n l y  would 
r e s u l t .  No information exists on which t o  assess t h e  l i k e l i h o o d  of 
t h i s  event.  The problem i s  b e s t  handled experimental ly .  

The more probable  f a i l u r e  

The MOS De tec to r  Capaci tors  can a l s o  b e  rendered i n o p e r a t i v e  by 
g r e a t l y  i n c r e a s e d  leakage c u r r e n t  because of  radiat ion-induced degra- 
d a t i o n  of t he  oxide o r  t h e  ox ide - s i l i con  i n t e r f a c e .  Conceptual models 
f o r  a s ses s ing  t h e  importance of t h i s  problem are a l s o  inadequa te ,  
p r imar i ly  because t h e  leakage c u r r e n t  of t h e  c a p a c i t o r  i s  determined by 
d e f e c t s  r a t h e r  than the p r o p e r t i e s  of t h e  i n t r i n s i c  oxide.  The i n f l u e n c e  
of high-energy r a d i a t i o n  upon these  d e f e c t s  is  completely s p e c u l a t i v e ,  
b u t  can b e  e a s i l y  ddtermined expe r imen ta l ly .  

Two experiments are recommended t o  a s s u r e  t h e  r e l i a b i l i t y  and 
accuracy o f  t h e  MOS Detec to r  ou tpu t :  

1) I r r a d i a t i o n  of a b i a s e d  d e t e c t o r  w i t h  20 keV e l e c t r o n s  i n  
o r d e r  t o  maximize space charge bu i ldup  and t h e  l i k e l i h o o d  
o f  a count b e i n g  t r i g g e r e d  by spontaneous d i scha rge  of t h e  
oxide space charge which i n  t u r n  i n i t i a t e s  a c a p a c i t o r  
discharge.  

2) I r r a d i a t i o n  o f  a b i a s e d  d e t e c t o r  w i th  300 keV e l e c t r o n s  t o  
induce displacement damage and assess the  l i k e l i h o o d  o f  
f a i l u r e  a t t r i b u t a b l e  t o  i n c r e a s e d  leakage c u r r r e n t  through 
t h e  c a p a c i t o r .  

These r a d i a t i o n  tests are s imple and inexpens ive  t o  perform. They 
can e a s i l y  s i m u l a t e  worse cases and, i f  no f a i l u r e  o r  spu r ious  counts 
r e s u l t ,  t h e  i n f l u e n c e  of Van Allen b e l t  i r r a d i a t i o n  upon t h e  MOS De tec to r  
can b e  assumed n e g l i g i b l e  wi th  high confidence.  I f  f a i l u r e s  o r  f a l s e  
counts a re  encountered,  more r e a l i s t i c  s i m u l a t i o n  i s  r e q u i r e d  b e f o r e  a 
realist ic r a d i a t i o n - r e l a t e d  l i m i t  is e s t a b l i s h e d .  

The only type of r a d i a t i o n  considered throughout t h i s  s tudy  is  
e l e c t r o n s  o f  va r ious  e n e r g i e s ;  t h e  i n f l u e n c e  o f  o t h e r  types o f  s p a c e  
r a d i a t i o n  have been assumed t o  be similar. No d i s t i n c t i o n  h a s  been 
made between the  i n f l u e n c e  of e l e c t r o n s ,  p r o t o n s ,  gamma rays o r  o t h e r  
high-energy r a d i a t i o n .  This assumption is  based on t h e  r a d i a t i o n  fo re -  
cast to  be encountered du r ing  t h e  MTS mission.  

2 



SECXION I1 

ELE CI'RON-B OMBARDMENT-INDUCED- CONDUCT I V I  TY (EB I C) 

Electron-bombardment-induced conduc t iv i ty  (EBIC) is a consequence of 
e l ec t ron -ho le  p a i r  product ion.  Bombarding e l e c t r o n s  t r a n s f e r  energy t o  a 
s o l i d  through the  mechanism of e l e c t r o n - e l e c t r o n  i n t e r a c t i o n s  , r e s u l t i n g  
i n  i n t e r n a l  i o n i z a t i o n .  The ion ized  e l e c t r o n s  have f i n i t e  l i f e t i m e  and 
mob i l i t y .  Under t h e  i n f l u e n c e  o f  an e lec t r i c  f i e l d  they  d r i f t  away from 
t h e i r  i o n i z a t i o n  si tes.  This d r i f t  c o n s t i t u t e s  a c u r r e n t  flow which adds 
t o  t h e  d r i f t  o f  thermally i o n i z e d  e l e c t r o n s .  I f  t h e  i o n i z a t i o n  sites are 
mobile , t hey  a l s o  c o n t r i b u t e  a cu r ren t  component c a l l e d  h o l e  c u r r e n t .  

E B I C  depends upon: (1) t h e  energy lo s s  mechanisms a s s o c i a t e d  wi th  
t h e  bombarding e l e c t r o n s ,  and (2) the d r i f t  o f  i o n i z e d  e l e c t r o n s  (and 
h o l e s )  i n  an app l i ed  e l e c t r i c  f i e l d .  

Energy Loss Mechanisms. - To desc r ibe  the  energy l o s s  o f  a high energy 
hornbarding e l e c t r o n  beam w e  s ta r t  with t h e  Thomas-Whiddington ( r e f s .  2.1,  
2.2 1 re1 a t i o n s h i p  ). 

2 2 
E P - E P (x) = bpx (2-1) 

where E i s  t h e  energy of t h e  bombarding e l e c t r o n s ,  
P 

E (x) is  t h e  e l e c t r o n  energy at  a dep th ,  x ,  w i t h i n  t h e  s o l i d ,  
P 

b is  a material parameter and 

p is  t h e  material d e n s i t y .  

F igu re  1 il lustrates t h e  geometry. Assuming t h a t  a l l  t h e  e l e c t r o n  energy 
i s  given up i n  a d i s t a n c e  less than L ,  w e  may d e f i n e  a range,  R ,  by 
Ep(R) = 0 i n  eq.  2-1 s o  t h a t  

E = b p R  . (2-2) 
P 

R is  t h e  mean path l e n g t h  of t h e  bombarding e l e c t r o n s  i n  the  s o l i d .  This  
r e s u l t  i s  cons i s  t e n t  w i th  t h e  range-energy r e l a t i o n s h i p  f o r  monoenergetic 
e l e c t r o n s  given by Evans [ r e f .  2.31. From eqs.  2 - 1  and 2-2 t h e  rate o f  
energy l o s s  i s  

3 



E 

WP L Figure 2 . 1 .  Geometry f o r  
EBIC Analysis  

X E ( 4  
and -, w e  o b t a i n  E R I f  w e  normalize t h e  energy and d i s t a n c e  t o  

P 

2R- dx 

where t h e  n e g a t i v e  s i g n  i n d i c a t e s  t h a t  t h e  e l e c t r o n  energy l o s s  dec reases  
wi th  inc reas ing  x. Figure 2.2  i s  a p l o t  of eq.  2-4 w i t h  t h e  energy l o s s  
i n  u n i t s  o f  - 1 / 2 R .  The s a l i e n t  f e a t u r e  is  t h e  n e a r  cons t an t  energy l o s s  
ove r  the f i r s t  h a l f  of t h e  e l e c t r o n  range. This  r e s u l t  i s  s u b s t a n t i a t e d  
by Young f o r  10 keV e l e c t r o n s  i n  1 pm aluminum oxide f i lms .  Our i n t e r e s t  
w i l l  a l s o  focus on low energy e l e c t r o n s ,  because t h e  t h i c k n e s s  of s i l i c o n  
oxide i n  t h e  MOS De tec to r  is  a l s o  on t h e  o r d e r  of one micron. The w o r s t  
case ana lys i s  m u s t  i nc lude  e l e c t r o n  e n e r g i e s  which are t h e  most e f f i c i e n t  
w i th  regards t o  E B I C .  

To d e s c r i b e  t h e  bombarding e l e c t r o n  beam i n t e n s i t y  a t  x, w e  use 
Lenard's r e l a t i o n s h i p  [ r e f .  2.41 

dJ (XI  
= - a J p ( x )  dx 

where J ( x > i s  t h e  bombarding c u r r e n t  d e n s i t y  a t  x i n  t h e  s o l i d  and a, 

an absorpt ion c o e f f i c i e n t  which depends upon energy E (x) acco rd ing  t o  
P 

P 

4 
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F igu re  2.2. Energy Loss o f  Bombarding E l e c t r o n s  as a Funct ion of Depth 

Combining eqs. 2-1, 2-5 and 2-6, 
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Upon i n t e g r a t i n g  from o t o  x ,  o r  from J (0) t o  J (x) one o b t a i n s  
P P 

S ince  E = bpR, 
P 

Eq. 2-9 g ives  t h e  dec rease  i n  beam c u r r e n t  as a f u n c t i o n  o f  depth of 
pene t r a t  ion.  

Charge Transport  i n  S i 0  - For t h e  a n a l y s i s  o f  E B I C  w e  w i l l  assume 2 ’  
t h e  contacts  t o  be ohmic. I n  Sec t ion  I V .  t h e  c o n t a c t s  w i l l  b e  considered 
t o  b e  blocking,  wh i l e  i n  Sec t ion  V i n j e c t i n g  c o n t a c t s  w i l l  b e  considered.  
I n  each case t h e  assumption r ega rd ing  t h e  e lectr ical  c o n t a c t s  is chosen 
t o  correspond t o  worst  ca se  a n a l y s i s .  I n  S e c t i o n  I V  b l o c k i n g  c o n t a c t s  
r e s u l t  i n  the b u i l d  up o f  i n t e r n a l  p o l a r i z a t i o n  as a r e s u l t  of  e l e c t r o n  
bombardment w h i l e  i n  Sec t ion  V i n j e c t i n g  c o n t a c t s  p rov ide  a mechanism 
through which d i e l e c t r i c  l o s s  o r  d i s s i p a t i o n  f a c t o r  may depend upon 
i r r a d i a t i o n .  

To ana lyze  t h e  induced conduc t iv i ty  w e  cons ide r  t h e  conduction 
e l e c t r o n  d e n s i t y  to  be 

n = n  + n  e 0 
(2-10) 

where n is the  excess  o r  e l e c t r o n  bombardment induced c o n t r i b u t i o n  and 

n is t h e  thermal c o n t r i b u t i o n .  Under t h e  assumption o f  a s imple  l i f e t i m e  

p rocess  t h e  excess  e l e c t r o n  d e n s i t y  is  governed by t h e  rate equa t ion  

e 

0 

e an 

gE’ 
- =  a t  (2-11) 

where gE is t h e  gene ra t ion  rate of  excess  e l e c t r o n s  by t h e  i r r a d i a t i o n  

and T i s  t he  e l e c t r o n  l i f e t i m e .  I n  s t e a d y  s ta te  

6 
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I 

Under t h e  assumption of ohmic contacts  t h e  e lectr ical  c u r r e n t  d e n s i t y  is  
given by 

J * qpnE 
where 

q is  the  e l e c t r o n i c  charge,  

p i s  t h e  conduction e l ec t ron  m o b i l i t y ,  

n i s  t h e  t o t a l  carrier concen t r a t ion ,  and 

E i s  t h e  a p p l i e d  e l e c t r i c  f i e l d .  

Combining eqs. 2-10 , 2-12 , 2-13, 

So lv ing  f o r  E 

(2-13) 

(2-14) 

(2-15) 

assuming t h e  geometry i n  Fig. 2 . 3 .  'w'e have n o t  r e s t r i c t e d  tile s p a t i a l  
dependence o f  gn o r  n . W e  could proceed i n  a g e n e r a l  way; however, 

e x t e n s i v e  computation can b e  avoided by some s i m p l i f y i n g  assumptions 
r ega rd ing  t h e  gene ra t ion  of  excess  e l e c t r o n s .  

L 0 

r L  I 

Figure 2 . 3 .  EBIC Geometry w i t h  B i a s  

7 



a, on 

d 
&i 

8 



The genera t ion  of  excess conduction e l e c t r o n s  can be  approximated 
by 

(2-16) 

where the  rate of  energy loss  is  descr ibed  by eq. 2-3 and t h e  i r r a d i a t i o n  
c u r r e n t  dens i ty  by eq.  2-9. The q i n  t h e  denominator o f  eq .  2-16 con- 
verts c u r r e n t  dens i ty  t o  a p a r t i c l e  dens i ty ;  E .  is t h e  m e a n  i o n i z a t i o n  

energy f o r  t h e  excess conduction e l e c t r o n s .  In t roduc ing  eqs.  2-3 and 2-9 
i n t o  2-16 y i e l d s ,  

1 

(2-17) 

c( 
0 

where m = - - - and is g r e a t e r  than uni ty .  
bo 2 

Experirnental d a t a  by Pensak i n d i c a t e s  t h a t  l < m < 3  f o r  SiO, [Ref. 2 .51 - 
and i n  Fig.  2 . 4 ,  eq. 2 - 1 7  is p l o t t e d  f u i  t;:e : :=! : :2-  25 B = 1; 2; 3 ,  The 

s a l i e n t  f e a t u r e s  are t h e  w e l l  behaved n a t u r e  of  t h e  r e s u l t s  aid the gcnerzl 
t r end  f o r  gE t o  be  apprec i ab le  only over a f r a c t i o n  o f  t h e  range R f o r  

m = 3. 
va lue  f o r  g 

To f a c i l i t a t e  t h e  a n a l y s i s  we choose t o  use an average cons tan t  
as opposed t o  t h e  depth vary ing  r e s u l t s  of Fig.  2.4. E 

Using an average genera t ion  r a t e  Fig.  2 .5  r ep resen t s  t h e  model f o r  
which w e  seek  a s o l u t i o n .  The excess e l e c t r o n  concen t r a t ion  is  given by 

Figure  2.5.  S impl i f ied  Generat ion Approximation 

9 



n e 

n 

an 
e -  - -  a t  - gE -T -  (2-18) 

where is  a constant  from x = 0 t o  x = T and T is  determined by t h e  

condi t ion t h a t  g (T) 'I z n . A t  the d i s t a n c e  T t h e  s p a t i a l l y  dependent 

excess  c a r r i e r  concen t r a t ion  is  equa l  t o  t h e  thermally e x c i t e d  carrier 
concentrat ion.  I n  s t e a d y  s t a t e  

E 

E n 0 

and 

(2-19) 

(2-20) 

Assuming J is cons tan t  through 0 1. x 5 L eq. 2-20 can b e  i n t e g r a t e d  

(2-21) 

to  y i e l d  t h e  c u r r e n t  d e n s i t y  J ,  

J E -  - q'nVa+nno (2-22) 
~ E T ~ ( L - T )  + noT 

JO 
assuming g 'I >> n between o and T. S ince  t h e  u n i r r a d i a t e d  c u r r e n t ,  

i s  
E n  0 

Jo - - qPnno Va (2-2 3) 

w e  may de f ine  the  r a t i o  of t h e  c u r r e n t  d e n s i t y  of  t h e  i r r a d i a t e d  s o l i d ,  
J ,  t o  the i n c i d e n t  e l e c t r o n  beam c u r r e n t  d e n s i t y ,  J p ( o ) ,  as 

(2-24) 

10 



F i n a l l y  d e f i n i n g  z = - Jo/J (0) y i e l d s  
0 P 

1 - Z - -  (2-25) 

W e  should cons ide r  eq. 2-25 i n  th ree  p a r t s .  

a n a l y s i s  i nc ludes  t h e  assumption tha t  T >> n . With t h i s  assumption, 

t h e  f i r s t  range w e  w i l l  cons ide r  is T <<L. 

A s  b e f o r e ,  t h e  wors t  case 

E n  0 
Then 

2 . "  
z (2-26) - -  - 1, T << L. 
0 

A s  T approaches L and wi th  

n 

w e  o b t a i n  

z z -  Z T , T ? L .  
0 1 - -  L 

When T = L ,  t h e  s o l u t i o n  i s  
- 
P T  
"E n 
n , T = L .  - = = -  

0 Z 
0 

(2-2 7) 

(2-2 8) 

(2-29) 

- T 
To proceed w e  m u s t  o b t a i n  an expression f o r  t h e  r a t i o  - and f o r  L 
e x p r e s s i o n  f o r  T can b e  ob ta ined  from eqs 2-17 and 2-19: 

g E .  * 

m 
bPJ ( o b n  

gE(T)Tn = n = o 2qE E 
i P  

So lv ing  f o r  T y i e l d s  

(2-30) 

(2-31) 
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is  t h e  t r a n s i t  time f o r  t h e  e l e c t r o n  ac ross  t h e  sample  L2 where ‘I = - 
’nVa 

l eng th  and Eo = JLbp is the  i n c i d e n t  energy r e q u i r e d  t o  p e n e t r a t e  t h e  

f i l m  (R=L). << Eo ( o r  t h e  mean i o n i z a t i o n  energy is  

much l e s s  than t h e  p e n e t r a t i o n  energy) and t h e  o t h e r  r a t i o s  are comparable 
is  o f  primary importance. 

The case where E i 

For t h i s  case,  

E 2  
T Z A = R  (2-32) 

bP 

where R is t h e  range of t he  i n c i d e n t  e l e c t r o n  i n  t h e  s o l i d ,  o r  

E 2  - -  T - L  
2 .  
0 

L E  

Thus, from eq. 2-28, 

T ; L .  z - .  1 - -  
z 
0 

(2-33) 

(2-34) 

The average gene ra t ion  rate f o r  0 x T is determined from eq. 2-17: 

(2-35) 

Replacing t h e  i n t e g r a t i o n  l i m i t  T by R us ing  t h e  approximations which 
X 

y i e l d s  eq. 2-32 and i n t r o d u c i n g  t h e  change of v a r i a b l e  y = - i n  eq.  2-35 

y i e l d s  
R 

o r  f i n a l l y  

(2-36) 

(2-37) 



For R = L i n t r o d u c i n g  eq. 2-37 i n t o  eq. 2-29 y i e l d s  

z EoJ ( o h n  

z 0 2qEiR(mtl)n 0 

- =  , R = L ;  

which, upon s u b s t i t u t i n g  J and T , reduces to:  
0 L 

(2-38) 

(2-39) 

Shown i n  Fig. 2 . 6  are t h e  r e s u l t s  of eq.  2-26 and 2-34 ( s o l i d  l i n e s )  
and eq. 2-39 (broken l i n e s ) .  The s a l i e n t  f e a t u r e  i s  t h a t  E B I C  is  n o t  
important  u n t i l  t h e  energy of t h e  inc iden t  beam i s  approximately equa l  t o  
t h e  energy necessary t o  p e n e t r a t e  the s o l i d  ( u n t i l  E 

f o r  z / z  is broken w i t h  i t s  va lue  at E o P 0 

e lectron l i f e t i m e  t o  t r a n s i t  t i m e  and by t h e  r a t i o  of energy of  t h e  p r i -  

t h e r e  i s  n o t  an extreme f o r  0 5 E 

- Eo) .  The s c a l e  

= E determined by t h e  r a t i o  o f  
P 

zl&et-=n tc thn L..C mnan ..._-._ i o n i z a t i o n  mer=. The major r e s u l t  is  that 
C E . Thus, w e  m u s t  look f o r  a maximum 

P -  0 
z w i t h  E > Eo. 

P 

Before c a l c u l a t i n g  t h e  maximum z we should b r i e f l y  cons ide r  t he  use 
o f  an average gene ra t ion  rate. For o u r  problem w e  w i l l  b e  i n t e r e s t e d  i n  
a geometry crudely approximated i n  Fig. 2 . 7 .  This approximates a pene- 
t r a t i n g  beam where t h e  gene ra t ion  r a t e  i s  f i n i t e  throughout 0 < x < L 
and t h e  t h i c k n e s s  of t h e  sample L i s  h a l f  t h e  range of t h e  primary elec- 
t r o n .  From eq. 2-15 w e  should consider  

If gETn >> no through 0 5 x f L 

From t h e  geometry o f  Fig. 2.7, 

(2-40) 

(2-41) 

X 

2L * 
gE = 1 - -  R (2-42) 
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Figure 2.6. The I n c r e a s e  i n  EBIC as t h e  B e a m  Energy Approaches 
t h a t  Required t o  Completely P e n e t r a t e  t h e  Oxide 
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1 

112 

F igure  2.7. Average Generation Rate Approximation 

In t roduc ing  eq. 2-42 i n t o  2-41 

dx 
X 

0 1 - -  2L 
va 2 

X and us ing  t h e  change of v a r i a b l e  - = 2L 

1 Rn ;; dy = - 2LJ 2LJ [lI2 2 11 e - -  

i-y Wn L q .  11 J o  
a -  

or 

W e  should  compare t h e  r e s u l t  of 

where 2 'I 
Using = 314 ( f r o m  Fig. 2.7) and 

>> n f o r  0 < x 5 L . - E 0 

E 

(2-43) 

(2-44) 

(& ,45)  

(2-46) 

(2-47) 
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Thus, 

(2-48) 

Comparing eqs.  2-45 and 2-48 i n d i c a t e s  t h a t  ou r  approximation should  b e  
v a l i d  to at leas t  an o r d e r  o f  magnitude f o r  m = 1 f o r  p e n e t r a t i n g  beams 
where e s s e n t i a l l y  l i n e a r  behavior  i s  expec ted  ove r  an apprec i ab le  p o r t i o n  
of  t h e  sample. 

To o b t a i n  an estimate of z w e  need a new average gene ra t ion  ra te  max 
f o r  R - > L where 

Then w e  m u s t  cons ide r  t h e  c u r r e n t  d e n s i t y  where 

From eqs. 2-17 and 2-49, 

where the  i n t e g r a t i o n  y i e l d s  

(2-49) 

(2-50) 

(2-51) 

(2-52) 

The r a t i o  of t h e  induced c u r r e n t  d e n s i t y  t o  t h e  i r r a d i a t e d  beam c u r r e n t  
d e n s i t y  is 

J 
0 where Jo is t h e  u n i r r a d i a t e d  c u r r e n t  d e n s i t y .  Def in ing  z = - o J ( 0 )  

P 

16 



and cons ide r ing  eq. 2-53 y i e l d s  

m t l  
J (0) E r 

- -  z - 1 + L P J n l  
z 2 J E. ‘ I ~  
0 0 1 

We may now proceed t o  f i n d  z by consider ing m a x  

Carrying’ out  t h e  d i f f e r e n t i a t i o n  a n d  s e t t i n g  

0 
= 0 y i e l d s  

(./. ) 
d 0 ) 

I t  is obvious t h a t  w e  m u s t  cons ide r  s p e c i f i c  va lues  of m b e f o r e  a s o l u t i o n  
can b e  ob ta ined .  The value of  m is u s u a l l y  n e a r  u n i t y  and w e  w i l l  o b t a i n  
s o l u t i o n s  f o r  m = 1, 2 t o  o b t a i n  the g e n e r a l  behavior .  To f a c i l i t a t e  t h e  

2 
c a l c u l a t i o n ,  l e t  k) = x; then w e  must cons ide r  

1 - (l-X)&l - 2(m+l)x ( l -x)m = 0 

where f o r  m = 1 

(2-56) 

3 
3x- - 2x = 0 

x = 0 ,  2 / 3  are the  r o o t s  of eq.  2-56. 
o r  

Thus ( ~ / z ~ ) ~ ~ ~  occurs  

f o r  E 

i n  a similar manner and a value E e 1.6 E is  o b t a i n e d  f o r  

= J3/2 Eo = 1.225 Eo and m = 1. For m = 2 t h e  a n a l y s i s  proceeds 
P 

0 
1 P 
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Considering the  m = 1 case t h e  va lue  of z/z 
eq. 2-41, 

a t  E 
0 P 

= 1.225 Eo i s ,  from 

(2-5 7) 

where t h e  f a c t o r  - i s  n o t  evaluated s o  t h a t  a meaningful comparison 

w i t h  eq. 2-39 can b e  ob ta ined .  Thus, f o r  m = 1 t h e  m a x i m u m  va lue  o f  
z / z o  is  about twice t h a t  f o r  E = E . 
where t h e  peak is  Ep = 1.225 Eo f o r  m = 1. 

mtl 

This r e s u l t  i s  shown i n  Fig.  2 .8  
P O  

To proceed wi th  a wors t  case ana lys i s  w e  w i l l  consider  v a l u e s  t o  b e  

and t h e  e l e c t r o n  used i n  eq. 2-57. We should recognize t h a t  z = - 
bombardment induced c u r r e n t  i s  

JO 

0 Jp(o) 

(2-58) 

W e  w i l l  cons ide r  m = 1, and s h o u l d  ob ta in  estimates f o r  

T 

T 
0 n 

E 
- and - . 

L Ei 
- 

Accnrding tr! Hai~ser [ r e f .  2.61 Ei > 3/2 E _  where Eg is  t h e  band-gap o f  a 

d i r e c t  band gap semiconductor. We are i n t e r -  

e s t e d  i n  1.0 u m  and 0.4  pm oxides .  For t h e  sake  o f  t h e  d i s c u s s i o n  w e  
w i l l  cons ide r  1.5 urn which is an upper l i m i t  and provides  a wors t  case 
a n a l y s i s .  The range of 1 0  keV e l e c t r o n s  is  approximately 1.5 um; t h u s  

8 
Thus Ei z 12 e V  f o r  Si02. 

2 c m  
V-sec - 10 keV. Goodman r e p o r t s  a mobil i ty  f o r  e l e c t r o n s  of - 30 - and 

2 Eo - 
a m o b i l i t y  l i f e t i m e  product of  lo-’ cm / v o l t .  

i s  approximately T~ I 3 x 10 

f o r  t h e  1.5 urn t o  90 v o l t s  w e  may ob ta in  an estimate f o r  T~ where T 

Thus, t h e  e l e c t r o n  l i f e t i m e  
-11 seconds [ r e f .  2.73 .  If we scale t h e  b i a s  

L =  
.-I 

-12 - -  - 8 x 10 seconds. Therefore,  LL 
uva 

(2-59) J = J ( o ) ( $ ) s  10 3 x 10 3 X 10 3 JP(o)  . 
x 10 P 

-12 - -  - 8 x 10 seconds. Therefore,  LL 
uva 

J = J ( o ) ( $ ) s  10 3 x 10 3 X 10 3 Jp (o )  . 
x 10 P 

(2-59) 

The maximum e f f e c t  due t o  EBIC would occur  i f  a l l  t h e  e l e c t r o n s  which 
s t r i k e  t h e  S i 0 2  c a p a c i t o r  s t r u c t u r e  had an energy o f  approximately 10 keV. 

19 



Thus, w e  w i l l  cons ide r  t h e  e l e c t r o n  f l u x  w i t h  energy g r e a t e r  than 0 g iven  

as 2.55 x 10 11 e l e c t r o n s  
2 cm - day 

i n  t h e  NASA memo da ted  August 19 ,  1970 [ r e f .  2.81. 

-I3 amps and assuming a Thus, one beam c u r r e n t  d e n s i t y  is J (0) I 5 x 10 2 cm P 

monoenergetic beam of energy 10 keV y i e l d s  a wors t  case E B I C  c u r r e n t  

dens i ty  o f  3 I 1.5  X 10 
-9 2 

amp/cm f o r  t h e  S i 0 2  c a p a c i t o r  s t r u c t u r e .  

For  w o r s t  case t h e  E B I C  component is p r e d i c t e d  t o  b e  3 x Amps 
(assumes a c a p a c i t o r  area of 20 cm ) .  
t o  t h e  dark  c u r r e n t  leakage .  Consequently E B I C  is  n o t  expected t o  be  a 
s i g n i f i c a n t  f a c t o r  du r ing  t h e  MTS f l i g h t .  

2 This  va lue  i s  small o r  comparable 
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SECTION I11 

CHARGE SEPARATION EFFECTS 

One o f  the most pronounced e f f e c t s  of i o n i z i n g  r a d i a t i o n  on the  MOS 
s y s  t e m  is t h e  i n t r o d u c t i o n  of a semipermanent , p o s i t i v e  space charge i n t o  
the  ox ide  l a y e r .  
c h a r a c t e r i z e d  e x t e n s i v e l y  f o r  oxides  exposed t o  v a r i o u s  types o f  i o n i z i n g  
r a d i a t i o n  [refs. 3.1-3.61, and i t  is b e l i e v e d  t h a t  t h e  charge bu i ldup  can 
b e  desc r ibed  by t h e  fol lowing process  : 

This radiat ion-induced s p a c e  charge bu i ldup  has  been 

Electron-hole  p a i r s  are generated w i t h i n  t h e  s i l i c o n  d iox ide  
by t h e  i o n i z i n g  r a d i a t i o n .  The e l e c t r o n s ,  hav ing  a h i g h e r  
m o b i l i t y - l i f e t i m e  product  than the h o l e s  , escape  t h e  ox ide  
i n  g r e a t e r  numbers than do the  h o l e s ,  l e a v i n g  a n e t  p o s i t i v e  
charge t r apped  w i t h i n  t h e  oxide.  This p rocess  cont inues 
u n t i l  t h e  hold t r a p s  are s a t u r a t e d  o r  u n t i l  e q u i l i b r i u m  is 
reached between t h e  rates of charge bu i ldup  and decay. 

The t r apped  ox ide  charge is  gene ra l ly  assumed t o  i i e  w i t h i n  a few hundred 
angstroms of t h e  s i l i c o n - o x i d e  i n t e r f a c e  when t h e  g a t e  b i a s  app l i ed  d u r i n g  
i r r a d i a t i o n  i s  p o s i t i v e .  The magnitude of t h i s  oxide charge is  s t r o n g l y  
dependent on g a t e  b i a s  du r ing  i r r a d i a t i o n  and i n c r e a s e s  almost l i n e a r l y  
w i t h  b i a s  up t o  t r a p  s a t u r a t i o n  [ r e f s .  3.3-3.51. The f a c t  t h a t  t he  image 
charge r e f l e c t e d  a t  t h e  s i l i c o n  su r face  is g r e a t e r  f o r  p o s i t i v e  than f o r  
n e g a t i v e  g a t e  b i a s e s  s u g g e s t s  oxide charge accumulation n e a r  t h e  metal 
e l e c t r o d e  f o r  t h e  n e g a t i v e  b i a s  i r r a d i a t i o n s .  

The ox ide  space  charge i s  "semipermanent" a t  room temperature  b u t  
can b e  annealed o p t i c a l l y  o r  a t  e l eva ted  temperatures .  Annealing s t u d i e s  
have shown t h e  annea l ing  rate t o  b e  a very s t r o n g  f u n c t i o n  of temperature  
[ r e f s .  3.6,  3 - 7 1 .  Room-temperature anneal ing has  been observed a t  RTI  
i n  thermal oxides  i r r a d i a t e d  w i t h  both low energy e l e c t r o n s  [ r e f .  3.61 
and w i t h  pu l sed  600 keV e l e c t r o n s .  
cons ide rab ly  among thermal  oxides prepared under d i f f e r e n t  cond i t ions  , 
a worst-case assumption would b e  t h a t  annea l ing  e f f e c t s  can be n e g l e c t e d  
and ox ide  space  charge cont inues t o  accumulate w i t h  i n c r e a s i n g  f luence .  

However, s i n c e  annea l ing  r a t e s  vary 

I o n i z a t i o n  e f f e c t s  can be expected from b o t h  t h e  protons and 
e l e c t r o n s  of t h e  MTS r a d i a t i o n  environment. P ro tons  are on t h e  o r d e r  
o f  50 t i m e s  more e f f e c t i v e  than e l e c t r o n s  f o r  producing i o n i z a t i o n  damage 
[ r e f .  3.81. However, s i n c e  i n  t h e  MTS environment the  e l e c t r o n  f l u x  i s  
approximately 600 times g r e a t e r  than t h e  p ro ton  f l u x ,  proton e f f e c t s  w i l l  
b e  r e l a t i v e l y  small i n  comparison with e l e c t r o n  damage. 

The r a d i a t i o n  s e n s i t i v i t y  of s i l i c o n  d i o x i d e ,  which is s t r o n g l y  
dependent on p rocess ing  cond i t ions  , impuri ty  con ten t  , and o t h e r  f a c t o r s  
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no t  a l l  of  which have been p o s i t i v e l y  i d e n t i f i e d ,  v a r i e s  cons iderably  
among oxides prepared by d i f f e r e n t  manufacturers  and occas iona l ly  even 
among oxides prepared  by t h e  same manufacturer.  Thus, it i s  very  d i f f i -  
c u l t  t o  p r e d i c t  e x a c t l y  how much space  charge w i l l  b e  induced i n  a 
p a r t i c u l a r  oxide a t  a given r a d i a t i o n  and b i a s  level unless  cons ide rab le  
experimental  d a t a  i s  a v a i l a b l e  on t h a t  oxide.  Lacking such d a t a ,  one can 
however make a worst-case estimate o f  space  charge build-up by u t i l i z i n g  
e x i s t i n g  models f o r  space  charge formation and publ i shed  d a t a  on i r r a d i -  
a t e d  oxides.  Extreme worst-case estimates f o r  charge b u i l d  up as a 
funct ion of e l e c t r o n  f luence  i n  bo th  t h e  0.4 pxn and 1.0 pm MTS c a p a c i t o r s  
have been made and are p l o t t e d  i n  Fig. 3.1. These curves are e x t r a p o l a t e d  
from charge bui ld-up d a t a  measured on dry oxygen prepared  thermal  oxides  
i r r a d i a t e d  under +4 V b i a s  w i t h  20 keV e l e c t r o n s .  The fo l lowing  assump- 
t i o n s  assure  t h a t  t h e  curves of  Fig.  3 . 1  are wors t  case.  

1. The MTS c a p a c i t o r  oxides  were prepared  from w e t  oxygen. Wet 
oxygen o r  steam-grown oxides  gene ra l ly  e x h i b i t  less charge bui ld-up 
du r ing  i r r a d i a t i o n  than do even t h e  most r a d i a t i o n  r e s i s t a n t  oxides  grown 
i n  a dry oxygen environment. 

2 .  Twenty keV e l e c t r o n s  d i s s i p a t e  more energy and thereby  produce 
more i o n i z a t i o n  damage i n  S i0  

than do h i g h e r  energy e l e c t r o n s .  
a t i o n  environment have ene rg ie s  w e l l  i n  excess  o f  20 keV. 

having a f i l m  th i ckness  less than  1 pm 2 
Most of  t h e  e l e c t r o n s  i n  the  MTS rad i -  

3. The d a t a  of Fig. 3 . 1  were e x t r a p o l a t e d  from +4 V t o  40 V and 
+60 V biases assuming a l i n e a r  b i a s  dependence w i t h  no p rov i s ion  f o r  
t r a p  s a t u r a t i o n .  I n  r e a l i t y  t h e  dependence of charge bui ld-up on a p p l i e d  

bias  is less than l inear - -be ing  c l o s e r  perhaps t o  V1/*. This  is  p a r t i c -  
u l a r l y  t r u e  at h igh  b i a s  levels and i n  steam-grown oxides  as h o l e  t r a p s  
b e come s a t u  r a t e d . 

4 .  N o  c o r r e c t i o n  has  been made f o r  charge annea l ing  al though con- 
s i d e r a b l e  annea l ing  can occur  over  long pe r iods  o f  low f l u x  i r r a d i a t i o n .  
The o r i g i n a l  d a t a  were taken over  a r e l a t i v e l y  s h o r t  t i m e  i n t e r v a l  at a 
much h igher  f l u x  and consequent ly  i n c l u d e  much less charge annea l ing  
than would be  expected i n  t h e  MTS environment.  

For tuna te ly ,  some charge bui ld-up d a t a  are a v a i l a b l e  on an e l e c t r o n -  
i r r a d i a t e d ,  steam-grown Monsanto oxide and t h e  measured space  charge i s  
s u b s t a n t i a l l y  below t h a t  i l l u s t r a t e d  i n  Fig.  3.1. These d a t a  were a l s o  
taken a t  RTI (Oct. 1968) dur ing  t h e  performance o f  NASA Con t rac t  NAS1-8156 
(though n o t  r epor t ed  i n  r e f .  3 .9) .  

ox ides  were i r r a d i a t e d  at b i a s e s  up t o  +8V w i t h  about  4 x 1013 e l e c t r o n s /  

Here s e v e r a l  MOS samples having  0 . 6 8  pm 

cm2 acce le ra t ed  through 10 keV. 

V1I2 o r  V1l3 b i a s  dependence and wi th  t h e  lower r a d i a t i o n  s e n s i t i v i t y  

These d a t a  are more c o n s i s t e n t  w i t h  a 
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normally observed i n  steam grown oxides.  Based on t h e s e  charge build-up 
d a t a  and t h a t  r e p o r t e d  i n  r e f .  3.6 f o r  an RTI steam-grown ox ide ,  a second 
s e t  of curves has been prepared f o r  0.4 pm and 1 pm ox ides  b i a s e d  a t  + 40 
and + 60 V ,  r e s p e c t i v e l y  ( s e e  Fig. 3 . 2 ) .  These curves are much more 
c h a r a c t e r i s  t i c  of radiat ion-induced p o s i t i v e  space charge build-up i n  
steam-grown S i 0  and should r ep resen t  a more r e a l i s t i c  estimate of charge 

formation i n  t h e  MTS c a p a c i t o r s .  However, s i n c e  t h e s e  oxides  and those 
of t he  MTS c a p a c i t o r s  were not  prepared s imul t aneous ly ,  t h e r e  may b e  some 
d i f f e r e n c e  i n  r a d i a t i o n  s e n s i t i v i t y .  

2 

Having e s t a b l i s h e d  estimates f o r  t h e  oxide space  charge as a func t ion  
of f luence  o r  t i m e  i n  space ,  one i s  now prepared t o  cons ide r  t h e  e f f e c t s  
t h i s  space charge w i l l  have on t h e  MTS c a p a c i t o r s  and t h e i r  o p e r a t i o n  as 
micrometeoroid d e t e c t o r s .  E f f e c t s  t h a t  m u s t  b e  considered are: 1) capaci-  
t ance  changes; 2)  spontaneous d i scha rge ,  and 3) i n c r e a s e d  leakage c u r r e n t s  
o r  d i e l e c t r i c  breakdown. S e c t i o n s  I V  and V of t h i s  r e p o r t  are addressed 
t o  t h e  l a t t e r  two phenomena; s e c t i o n  I11 r u l e s  o u t  t h e  f i r s t  as a problem 
i n  t h e  MTS capac i to r s .  

The E f f e c t  of Charge Sepa ra t ion  Upon De tec to r  Capacitance.  - The 
capacitaqce vers~s voltage (C-V> c h a r a c t e r i s t i c  i s  one o f  the more u s e f u l  
properties ii; ..,._.._.... +;.-.:-.-? imp --.-..nt..,-oC. a ; n r n  

c u I L ~ ' c . I I L ~ v , . ~ . i  =iiy.-._.2L.... it q l l n w q  one t o  measure 
the  s i l i c o n  s u r f a c e  p o t e n t i a i  and t o  c h a r a c t e r i z e  m y  space charge preeect 
i n  t h e  ox ide  o r  a t  t h e  ox ide - s i l i con  i n t e r f a c e .  A s h a r p  r educ t ion  i n  t h e  
capac i t ance  o f  an MOS s t r u c t u r e  occurs as t h e  s i l i c o n  s u r f a c e  l a y e r  i s  
d e p l e t e d  and a d e p l e t i o n  capaci tance,  CD, i s  i n s e r t e d  i n  series w i t h  t h e  

l a r g e r  oxide capac i t ance ,  C Obviously, a l a r g e  and sudden capac i t ance  

change o c c u r r i n g  i n  t h e  f i x e d  b i a s  MTS c a p a c i t o r s  as t h e  oxide space  charge 
reaches t h e  l e v e l  necessa ry  f o r  s u r f a c e  d e p l e t i o n  would be undes i r ab le .  
nowever, since t h e s e  de-viees uere prepared on very highly doped (.005 a-cm) 
s u b s t r a t e s ,  maximum d e p l e t i o n  region widths  ( -  0.01  urn) w i l l  b e  q u i t e  small 
i n  comparison wi th  ox ide  t h i c k n e s s  [ r e f .  3.101. M a x i m u m  capac i t ance  vari- 
a t i o n s  r e s u l t i n g  form radiat ion-induced changes i n  t h e  s i l i c o n  s u r f a c e  
p o t e n t i a l  w i l l  be  less than 1% and can b e  s a f e l y  n e g l e c t e d .  

ox' 

-. 
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SECTION IV 

SPONTANEOUS DISCHARGE 

Spontaneous d i scha rge  desc r ibes  t h e  p o s s i b i l i t y  t h a t  t h e  i n t e r n a l  
space  charge t h a t  b u i l d s  up i n  t h e  oxide under i r r a d i a t i o n  can create 
i n t e r n a l  e l ec t r i c  f i e l d s  i n  excess of t h e  breakdown s t r e n g t h  o f  t h e  ox ide ,  
causing avalanche breakdown and discharge.  Assuming b lock ing  c o n t a c t s  a t  
the  in su la to r -me ta l  boundary, t he  i n t e r n a l  space  charge cannot b e  n e u t r a l -  
i z e d  by i n j e c t i o n .  Thus, w e  a r e  i n t e r e s t e d  i n  t h e  ra te  o f  space  charge 
bui ld-up,  t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  space  charge and t h e  po in t  a t  
which t h e  i n t e r n a l  f i e l d  a t  any po in t  exceeds t h e  f i e l d  s t r e n g t h  of t h e  
i n s  u l a t  o r .  

For S i 0  w e  know t h a t  a p o s i t i v e  charge b u i l d s  up n e a r  t h e  s i l i c o n -  2 
S i 0  i n t e r f a c e  when t h e  MOS dev ice  is p e n e t r a t e d  by n u c l e a r  r a d i a t i o n  

( b e t a ,  gamma, x-ray, p ro ton ) .  The s p a t i a l  d i s t r i b u t i o n  i s  n o t  known. 
'.riiwever, --- .. - w e  w i l l  prnceed w l t h  a geiieral mcdel t o  estimate the zha rac t e r -  

2 

2 - - 1  . - . c -1- - _ _ _ _  L -I _I iicj L'i iiic pi""i"ii. 

Consider t h e  space  charge l a y e r  shown i n  Fig.  4 . 1 .  

r a d i a t i o n  - 
Figure 4 .1 .  Geometry f o r  t h e  Analysis  

o f  Space Charge Buildup 
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W e  w i l l  cons ide r  c i r c u l a r  symmetry. To c a l c u l a t e  t h e  i n t e r n a l  e lec t r ic  
f i e l d  we assume t h e  c u r r e n t  d e n s i t y  i n  t h e  oxide,  J ,  is  zero.  Thus, 

where 
V is  t h e  p o t e n t i a l  a t  t h e  p o s i t i o n ,  x ,  

p is the ox ide  charge d e n s i t y ,  and 

E is t h e  d i e l e c t r i c  cons t an t  f o r  t h e  oxide.  

For a one-dimensional problem, 

2 
V(x) = - + klx + k2 

2 E  
( 4 - 3 )  

and 

v(x) = clx + c 2 d l l x L d  . ( 4 - 4 )  

Using t h e  boundary cond i t ions  
- 

V(0) = 0 ,  V(d) = -Va and D = EE 

i s  continuous a t  x = d y i e l d s  1' 

2 E  E O < x 5 d l  - X x - -  'a d 

2 
V(x) = - f5- + - 

( 4 - 5 )  

(4 -6)  

2 '  v x  a 
d 2 ~ d  2 E  

x + -  dl 
v(x) = - - - - 

The e l e c t r i c  f i e l d  is of primary i n t e r e s t  and is given by 

E(x) = px - - 

v a Pdl 

E E d 

2 

E(x) E - + -  d 2 ~ d  
d < x < d  1 -  - 
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- + -  'a p d 1  
d 2 ~ d  
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Figure  4 . 2 .  

dl d 

N e t  I n t e r n a l  E l e c t r i c  F i e l d  Under An 
Applied Voltage,  Va,  and a Layer of 

Space Charge Densi ty ,  p , Local ized  
Between 0 and d 1 

The shape o f  t h e  i n t e r n a l  f i e l d  is  shown i n  Fig. 4.2. 

For our  problem w e  should  consider  

(4-10) 

WllrLr ?{ is the  L - b - 1  -..-Le." -4= nF..rrnne 
LuLaL iiuiwcL L I A a L 6 b o  in the  reginn c! < x < d 

d i s t r i b u t e d  uniformly ove r  area A. 
concept  o f  charge p e r  u n i t  area N (E N/A) s o  t h a t  

--I- -I^ 

- 1  - 
It  w i l l  b e  convenient  t o  use  t h e  

S 

qNS 

- dl 
P = -  

I I c - and 

'a qNsd1 = - + - . 
d 2 ~ d  E(x) 

(4-11) 

O ~ X <  d (4-12) - 1  

d < x < d  (4-13) 1 -  - 
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Since w e  are i n t e r e s t e d  i n  spontaneous discharge,  t h e  l o c a l  e l ec t r i c  
f i e l d  m u s t  exceed the breakdown f i e l d  s t r e n g t h  i n  t h a t  region.  We w i l l  
assume t h a t  f o r  N 

compared t o  t h e  f i e l d  necessa ry  t o  i n i t i a t e  d i scha rge  i n  any region. Th i s  
assumption s a y s  t h a t  t h e  c l e a r i n g  v o l t a g e  i s  l a r g e  w i t h  r e s p e c t  t o  the  
ope ra t ing  v o l t a g e  ( t h e  c l e a r i n g  v o l t a g e  i s  t h a t  v o l t a g e  t o  which t h e  
capac i to r  has been s u b j e c t e d  du r ing  manufacture i n  an o p e r a t i o n  designed 
t o  remove weak s p o t s  i n  t h e  o x i d e ) .  For t h e  c a p a c i t o r s  t o  be flown on 
MTS t h i s  assumption is  marginal.  The 0.4 pm oxide c a p a c i t o r s  have been 
cleared t o  85 v o l t s  and are ope ra t ed  at  40 v o l t s ;  t h e  1.0 pm oxide capa- 
c i t o r s  have been c l e a r e d  t o  150 v o l t s  and are ope ra t ed  a t  60 v o l t s .  Low 
vo l t age  d i s c h a r g e s ,  s i m i l a r  t o  t hose  t h a t  occur  du r ing  c l e a r i n g ,  are 
expected t o  occur  i f  t h e  r a d i a t i o n  induced space  charge b u i l d s  up an 
i n t e r n a l  f i e l d  exceeding t h a t  placed a c r o s s  the c a p a c i t o r  du r ing  c l e a r i n g .  

= 0 t h e r e  is no breakdown o r  t h a t  Va/d is  s m a l l  
S 

The maximum e l ec t r i c  f i e l d  w i l l  occur  a t  x = 0 f o r  t h e  uniform 
d i s t r i b u t i o n  and dl < d. 

V 
E = E(0) = - - max Ed 

Thus, f o r  t h e  above assumptions ou r  primary concern is 

(4-14) 

(4-15) 

"a 
d where - has  been neg lec t ed .  There are two extremes:  (1) dl << d f o r  

wh i ch 

and (2) dl = d f o r  which 

qNS E = - -  
rnax E 

(4-16) 

(4-17) 

Assuming Ns t o  be t h e  same i n  bo th  s i t u a t i o n s ,  t h e  maximum f i e l d  d i f f e r s  

by only 1 / 2  f o r  t hese  two extreme d i s t r i b u t i o n s .  
two involved,  t h e  s p a t i a l  d i s t r i b u t i o n  is n o t  c r u c i a l  t o  t h e  de t e rmina t ion  
of t h e  maximum i n t e r n a l  f i e l d .  However, w e  w i l l  f i n d  t h a t  i t  i s  very 
important i n  determining t h e  c h a r a c t e r i s t i c  of a d i scha rge  even t  as 
de tec t ed  by c u r r e n t  flow i n  the  e x t e r n a l  c i r c u i t .  

With only a f a c t o r  of 

Figure 4.3 shows t h e  dependence of t h e  maximum e l e c t r i c  f i e l d  IEmax( 
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upon t h e  charge dens i ty  N . We w i l l  f i n d  i t  convenient  t o  use  t h e  
S 

r e s u l t s  o f  Fig.  4.3 t o  estimate t h e  performance of  a S i 0  d i e l e c t r i c  i n  
2 

a nuc lea r  r a d i a t i o n  environment. However, t o  f u l l y  ana lyze  t h e  spon- 
taneous d ischarge  even t ,  an estimate of  t h e  space  charge s p a t i a l  d i s t r i -  
b u t i o n  w i l l  b e  obta ined  b e f o r e  proceeding. 

We w i l l  estimate t h e  e x t e n t  of  t h e  space  charge reg ion  by cons ide r ing  
t h e  d i f f e r e n c e  i n  mean f r e e  pa th  of  t h e  ion ized  e l e c t r o n s  and ho le s .  The 
mean f r e e  pa th ,  L ,  is given by 

(4-18) 

where 
p i s  t h e  c a r r i e r  m o b i l i t y ,  

T i s  t h e  f r e e  c a r r i e r  l i f e t i m e ,  and 

E i s  the  f i e l d  i n  which the  c a r r i e r  d r i f t s .  

'a 
d During ear ly  space charge bui ldup  t h e  e l ec t r i c  f i e l d  is  -; t hus  w e  w i l l  

c a l c u l a t e  a minimum mean f r e e  path.  Using va lues  ob ta ined  by Goodman 

where p T 10 cm / v o l t  and p 'I 2 10-10cm2/volt y i e l d s  -9 2 
n n  P P  

and 
L = cm 

L = IO-''E cm. 

n 

P 

(4 -19)  

(4 -20)  

Our b a s i c  assumptions concerning t h e  r a d i a t i o n  induced space  charge 
are : 

1) Uniform i o n i z a t i o n  of h o l e  e l e c t r o n  p a i r s  throughout  t he  

2) A l l  i on ized  carriers t r a v e l  t h e i r  mean f r e e  p a t h  b e f o r e  

S i02  f i lm;  

be ing  t rapped;  

3) Trapping predominates ove r  recombination , 
4 )  Diffus ion  of f r e e  c a r r i e r s  is n e g l i g i b l e .  

Under these assumptions t h e  model i s  r a t h e r  t r i v i a l ;  however, i t  r e p r e s e n t s  
t h e  condi t ions f o r  sp read ing  the charge ove r  t h e  m a x i m u m  d i s t a n c e .  Relax- 
i n g  any  of t h e  above assumptions complicates  t h e  model and t ends  t o  r e s t r i c t  
t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  space  charge.  To  remove a l l  t h e  assump- 
t i o n s  would r e s u l t  i n  a completely g e n e r a l  s o l u t i o n ,  b u t  s o  f a r  that  
problem h a s  proven t o  be i n s o l u b l e .  
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Figure 4 . 4 .  Radia t ion  Induced 
Space Char’ge 
Regions 

Although a complete a n a l y s i s  i s  n o t  a v a i l a b l e ,  the s imple  model can 
crudely  i l lust rate  t h e  s p a t i a l  dependance upon t h e  mean f r e e  pa ths  of  t h e  
charge carriers. 
sample th i ckness )  

Consider Fig.  4.4 where Ln >> L and L 
P n 

< d (d  is t h e  

There w i l l  b e  a p o s i t i v e  space charge vver a r e g i m ,  L , ai= 3 - iiG6G- - - - ^  n 
t i ve  space  charge ove r  t h e  reg ion ,  L n e a r  t he  e l e c t r o d e  wi th  t h e  pos i -  

t ive  p o t e n t i a l .  I n  t h e  in t e rven ing  region n = p and recombination 
predominates.  I n  t h e  space  charge regions t h e r e  is  a de f i c i ency  and 
t r app ing  predominates t o  y i e l d  t h e  space charge.  A s  t h e  app l i ed  e l e c t r i c  
f i e l d  i s  inc reased ,  t h e  space  charge l a y e r s  w i l l  grow and when L = d t h e  

p o s i t i v e  l a y e r  w i l l  r each  a m a x i m u m  and t h e  over lapping  r eg ion ,  L , w i l l  

b e  n e u t r a l i z e d .  
o f  d. When Ln + L = d ,  t h e  maximum s p a t i a l  e x t e n t  exis ts .  As t he  

v o l t a g e  is  f u r t h e r  i nc reased  t h e  space charge l a y e r  i s  n e u t r a l i z e d  u n t i l  
L = d where t h e  i n t e r n a l  space charge shou ld  aga in  be  n e u t r a l i z e d  

throughout .  Assuming d = 1.0 urn a n d  L 2 10 L t h e  space  charge should 

ex tend  from t h e  s i l i c o n  i n t e r f a c e  to  0.9d f o r  an a p p l i e d  f i e l d  of  approxi-  
mately 10 v o l t s .  For t h e  in tended  ope ra t ion  of  60 v o l t s  b i a s  t h e  space  
charge would b e  n e u t r a l i z e d  t o  L 

0.4 pm. 
d i s t r i b u t i o n  throughout.  

P’ 

n 

P 
T h u s ,  w e  may ob ta in  a space  charge over  wtily a p o r t i o n  

P 

P 

n P’ 

0.6 um o r  a space  charge r eg ion  o f  
P 

We w i l l  proceed w i t h  t h e  worst  case assumption of a s p a t i a l  

For t h e  0.4 u m  S i 0 2  l a y e r  operated a t  40 v o l t s  both L and L are 
n P 

g r e a t e r  t han  t h e  oxide  thickness .  Thus, t h e  s imple  model p r e d i c t s  a com- 
p l e t e l y  n e u t r a l i z e d  space  charge. Clear ly  a wors t  case a n a l y s i s  would b e  
the maximum space  charge dens i ty  extended throughout  t he  sample. This i s  
more r easonab le  than our  r e s u l t  o f  complete n e u t r a l i z a t i o n  which c o n f l i c t s  
w i t h  obse rva t ion  (see Fig.  3 .2) .  Competition between t r app ing  and 
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recombination f o r  L 

f o r  our p re sen t  problem w e  w i l l  assume t h a t  t h e  r a d i a t i o n  induced space  
charge r e f e r r e d  t o  t h e  s i l i c o n  i n t e r f a c e  by a MOS capac i tance  measurement 
is uniformly d i s t r i b u t e d  throughout t h e  volume of  t h e  S i 0  l a y e r .  

+ Ln > d c e r t a i n l y  r e t a r d s  n e u t r a l i z a t i o n .  Therefore ,  

2 

To proceed wi th  t h e  a n a l y s i s  of  spontaneous d ischarge  w e  w i l l  
cons ider  e a r l i e r  r e s u l t s  p re sen ted  by Monteith [ r e f .  4.11. The t r an -  
s i e n t  across  t h e  l o a d  r e s i s t o r  i n  Fig.  4.5 can b e  analyzed by c a l c u l a t i n g  
t h e  e x t e r n a l  charge t r a n s f e r  r e s u l t i n g  from spontaneous d ischarge .  The 
app l i ed  v o l t a g e ,  Va, i s  neg lec t ed  cons is  t e n t  w i th  ou r  prev ious  d i scuss ion .  

When 

value of charge l i b e r a t e d  can range from t h e  t o t a l  space  charge i n  t h e  
sample t o  only an i n f i n i t e s i m a l  volume of  charge i n  t h e  r eg ion  n e a r  an 
i s o l a t e d  d e f e c t .  For a l o c a l i z e d  breakdown the  amount of  charge l i b e r -  
a t e d  is probably confined t o  t h e  reg ion  n e a r  t h e  d e f e c t  s i n c e  t h e  remain- 
d e r  of t h e  S i 0  f i l m  i s  no t  s u b j e c t e d  t o  e i t h e r  t h e  l o c a l i z e d  f i e l d  o r  

t h e  reduced f i e l d  s t r e n g t h  a s s o c i a t e d  wi th  de fec t .  A l s o  t h e  c l e a r i n g  
ope ra t ion  t o  prepare  t h e  l a r g e  s u r f a c e  S i 0  d e t e c t o r s  i s  f u r t h e r  evidence 

f o r  l o c a l i z e d  breakdown. Thus, i t  is  expected t h a t  d e f e c t  breakdown may 
be  approximated by assuming a v a r i a b l e  f i e l d  s t r e n g t h  and a v a r i a b l e  
volume of l i b e r a t e d  charge i n  t h e  spontaneous d i scha rge  even t .  To do 
t h i s  consider  Fig. 4.6 where only a p o r t i o n  of  t h e  senso r  is  i r r a d i a t e d  
and breakdown occurs  i n  a volume less than o r  e q u a l  t o  t h e  i r r a d i a t e d  
volume . 

I is  l a r g e  enough t o  i n i t i a t e  breakdown a t  t h e  s u r f a c e ,  the  max 

2 

2 

Ref. 4 . 1 .  L. K.  Montei th ,  "Study o f  E l e c t r o n  I r r a d i a t i o n  E f f e c t s  
on Capacitor-Type Micrometeoroid De tec to r s  ," F i n a l  
Report NAS1-3892, June 1965. 

T 
Figure 4.5. C i r c u i t  f o r  t h e  Analys is  of  E x t e r n a l  

Charge T r a n s f e r  During Spontaneous Discharge 
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Aluminum -- 

/ \ 

i 

d =  

d =  2 
A =  

A =  1 
A =  2 

2 th i ckness  of S i 0  

depth of discharge 

area of MOS c a p a c i t o r  

area of i r r a d i a t i o n  

area of d i scha rge  

F igu re  4 . 6 .  Geometry f o r  C a l c u l a t i n g  the M a p - i t ~ d e ,  
of Spon teneous Dis charge 

Assuming t h a t  t h e  maximum extension of t h e  d i scha rge  r eg ion  p a r a l l e l  
t o  t h e  e l e c t r o d e s  is g r e a t e r  than the t h i c k n e s s  of t h e  S i 0 2  (d2 > d) 

p e r m i t s  one t o  cons ide r  t h e  va r ious  r eg ions  of  t h e  s t r u c t u r e  independent ly .  

If breakdown occur s  t o  t h e  silicon and removes a volume A d of  2 2  
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space  charge, t h e  s u r f a c e  charge d e n s i t y  over  area A2 on t h e  aluminum 

e l e c t r o d e  can b e  ob ta ined  b e f o r e  and a f t e r  t h e  spontaneous d i scha rge  
event .  I f  t h e  l i b e r a t e d  charge i s  assumed t o  recombine i n  t h e  s i l i c o n  
i n  z e r o  t i m e ,  t h e  d i f f e r e n c e  between t h e  values  of s u r f a c e  charge d e n s i t y  
o v e r  area A on t h e  aluminum b e f o r e  and a f t e r  t h e  d i scha rge  even t  repre-  

s e n t s  the charge which m u s t  b e  t r a n s f e r r e d  from t h e  aluminum t o  t h e  
s i l i c o n  through load r e s i s t o r ,  \, t o  reach an e q u i l i b r i u m  s ta te  of 

charge d i s t r i b u t i o n .  Since D is  cont inuous '  ac ross  t h e  boundary at 

x = 0 ,  t h e  magnitude o f  t h e  s u r f a c e  charge d e n s i t y  ove r  A b e f o r e  break- 
down (a ) on t h e  aluminum is  

2 

X 

2 
B 

(4-2 1) 

For t h e  s t a t e d  assumptions t h e  magnitude of t h e  s u r f a c e  charge d e n s i t y  
o v e r  A a f t e r  breakdown (a ) on t h e  aluminum is  2 A 

(4-22) 

where N is t h e  space  charge p e r  u n i t  area a f t e r  t h e  d i scha rge .  W e  

should r e a l i z e  t h a t  NS t N 
SA 

a however, t h e  number d e n s i t y  i s  t h e  same o r  SA' 

charge which m u s t  be  t r a n s f e r r e d  from t h e  aluminum t o  t h e  s i l i c o n  as a 
r e s u l t  of t h e  breakdown is  

(J = a  - a  = - - -  
S B A 2 d 

The MOS device i s  a c a p a c i t o r  and t h e  v o l t a g e  
e v e n t s  is given by 

- t h y  V = V  e C 

(4-2 3) 

developed by t h e  d i s c h a r g e  

(4-24) 

where C is the capac i t ance  o f  t h e  MOS c a p a c i t o r  d e t e c t o r s  and t h e  v o l t a g e  
appears  across  a l o a d  r e s i s t o r ,  %, i n  t h e  e x t e r n a l  c i r c u i t .  The v a l u e  
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of V is  determined by t = O+ condi t ions a c r o s s  t h e  c a p a c i t o r  

a s s o c i a t e d  wi th  t h e  d i scha rge  o r  
C 

(4-25) 

(4-26) 

C I f  w e  i n t roduce  t h e  concept of capaci tance p e r  u n i t  area, CA = ';i y i e l d s  

V 
(4-2 7) 

=- -  qNs d2 2 
'C 2CA d 7 

where v 
c a p a c i t o r  volume. As d o r  v decreases ,  t h e  v o l t a g e  developed by t h e  

is  t h e  volume a s s o c i a t e d  with t h e  d i scha rge  event  "and V 2 C is t h e  

2 2 

(4 -28)  

where f o r  t h e  0 . 4  pm S i 0  

1 .0  pm device C,  = 3 . 1  x 10 farads/cm . Considering t h e  l a t te r  y i e l d s  

device C = 7.7 x lo-' farads/cm2 an3 f o r  the 
-9 A 2  

n 

-1 1 
= 2 . 6  x 10 N v o l t s .  

'C (max) S (4 -29 )  

6 
R e f e r r i n g  t o  Fig. 4 . 3 ,  a f i e l d  of 10 

charge of 4 x 10 c m  . I f  a l l  t h e  space charge is l i b e r a t e d  i n  a d i s -  
charge even t  under t h e  s t a t e d  assumptions, t h e  vo l t age  ac ross  t h e  capaci-  
t o r  at t = O+ would be approximately 100 v o l t s .  Correspondingly,  i f  a 

f i e l d  of 10 vo l t s / cm i s  requ i r ed  to  i n i t i a t e  breakdown and a l l  t h e  
s p a c e  charge is l i b e r a t e d ,  t h e  voltage at t - (H would be 1000 v o l t s .  
H~;;ever, ~ 5 t h  i s ~ l a t c d  =r defect i n d ~ c e d  hreakdowc the vnI13me of charge 

l i b e r a t e d  is  l i k e l y  to  be a s m a l l  f r a c t i o n  of t h e  i n t e r n a l  space charge 
and t h e  v o l t a g e  developed as a r e s u l t  o f  t h e  breakdown w i l l  b e  much 
smaller than  the  above estimates. 

vo l t s / cm is produced by a space  
12  -2 

7 
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I 

Extending t h i s  simple model, w e  can o b t a i n  o t h e r  a t t r i b u t e s  of a 
r a d i a t i o n  induced breakdown event .  
of instantaneous charge release and cons ide r  a f i n i t e  t i m e  f o r  t h e  
r e l e a s e  and recombination process .  With a f i n i t e  t i m e  f o r  t h e  d i scha rge  
even t  t h e  amplitude of t h e  v o l t a g e  developed ac ross  t h e  c a p a c i t o r  w i l l  
depend upon t h e  load  r e s i s t a n c e  i n  t h e  external c i r c u i t ,  t h e  capac i t ance  
of  t h e  d e t e c t o r  and t h e  rate of charge release induced by breakdown. 
To i l lustrate  t h e  dependence o f  t h e  breakdown p u l s e  on t h e s e  parameters  
consider  t h e  use where t h e  n e t  s u r f a c e  charge i n c r e a s e s  l i n e a r l y  wi th  
t i m e  u n t i l  a l l  t h e  l i b e r a t e d  charge has  reached t h e  e l e c t r o d e  where t h e  
breakdown w a s  i n i t i a t e d .  Thus, 

We may e a s i l y  extend t h e  assumption 

( 4 -  30)  

where 

T is t h e  n e t  s u r f a c e  charge p e r  u n i t  t i m e  and, 

T r ep resen t s  t h e  f i n i t e  t i m e  f o r  charge l i b e r a t i o n .  

The r e s u l t i n g  vo l t age  ac ross  t h e  c a p a c i t o r  due t o  t h e  n e t  s u r f a c e  charge 
is  

The vo l t age  a c r o s s  t h e  l o s s  r e s i s t o r  is then  given by 

( 4 - 3 1 )  

The maximum value of V occurs  f o r  t = T o r  when a l l  t h e  l i b e r a t e d  t r apped  

charge has a r r i v e d  at  t h e  e l e c t r o d e  t o  which t h e  breakdown occurred.  For 
t h e  time i n t e r v a l  T t 00 t h e  normal RC c i r c u i t  a n a l y s i s  i n t roduced  
ear l ie r  a p p l i e s  w i th  V r ep laced  by V (T).  From t h e  above a n a l y s i s  i t  is 

clear t h a t  the d i scha rge  even t  f o r  a f i n i t e  T behaves as a c u r r e n t  s o u r c e  
of TA and a c a p a c i t o r  charged t o  'A% v o l t s  a t  t = 0 i n  series w i t h  

opposing c u r r e n t s  through %. 
behaves as a c u r r e n t  s o u r c e  and t h e  c a p a c i t i v e  e f f e c t  does n o t  p rov ide  a 
l i m i t a t i o n  on t h e  maximum induced v o l t a g e .  To proceed f u r t h e r  w i t h  t h i s  
a n a l y s i s  r e q u i r e s  a p h y s i c a l  d e s c r i p t i o n  o f  t h e  rate o f  release, T. 
Although a phenomenological d i s c r i p t i o n  may b e  g iven ,  a meaningful esti-  
mate is  not a v a i l a b l e .  However, t h e  s a l i e n t  f e a t u r e s  of t h e  d i s c h a r g e  
even t  are obvious from t h e  above d i s c u s s i o n .  

't 

't C 

C l e a r l y  f o r  T >> ' t C  t h e  d i scha rge  e v e n t  
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SECTION V 

LEAKAGE C U P a N T  B U I L D W  

The f i n a l  f a i l u r e  mode t o  b e  considered under t h i s  s t u d y  is f a i l u r e  
through enhanced i n j e c t i o n  processes  a t  the  s i l i c o n - o x i d e  i n t e r f a c e .  
The c u r r e n t  l i m i t i n g  process  i n  an MOS s t r u c t u r e  b i a s e d  w i t h  t h e  metal 
e l e c t r o d e  p o s i t i v e  wi th  respect t o  the s i l i c o n  (as is t r u e  f o r  t h e  MOS 
Micrometeoroid De tec to r  Capaci tors)  i s  Fowler-Nordheim tunne l ing  at t h e  
ox ide - s i l i con  i n t e r f a c e .  The degradation mechanism considered i n  t h i s  
s e c t i o n  is  mod i f i ca t ion  of t h e  e l e c t r o d e  i n j e c t i o n  p r o p e r t i e s  s o  t h a t  
t h e  leakage c u r r e n t  ac ross  t h e  c a p a c i t o r  i n c r e a s e s  w i t h  t i m e  of exposure 
t o  i r r a d i a t i o n .  Even tua l ly  t h i s  process l e a d s  t o  degraded performance 
and i n a b i l i t y  of t h e  d e t e c t o r  to  perform i t s  micrometeoroid count ing 
mission. I n  the  p r e s e n t  conf igu ra t ion  each c a p a c i t o r  is i n  series w i t h  
a 1 r e s i s t o r .  I n i t i a l l y  t h e  e f f e c t i v e  r e s i s t a n c e  of t h e  c a p a c i t o r  
is  much g r e a t e r  t han  t h a t  of t h e  s e r i e s  r e s i s t a n c e  s o  e s s e n t i a l l y  t h e  
f u l l  b i a s  v o l t a g e  appears ac ross  the c a p a c i t o r .  I f ,  however, t h e  leakage 
c u r r e n t  through t h e  c a p a c i t o r  i nc reases  wi th  i r r a d i a t i o n ,  t h e  e f f e r t i v e  
r e s i s t a n c e  o f  t he  c a p a c i t o r  i s  reduced. This p rocess  can con t inue  u n t i l  
t h e  v o l t a g e  a c r o s s  t h e  c a p a c i t o r  i s  a c t u a l l y  less than t h a t  a c r o s s  t h e  
r e s i s t o r .  When the v o l t a g e  drop across  t h e  c a p a c i t o r  i s  less than t h e  
va lue  o f  t h e  d i scha rge  v o l t a g e  required t o  t r i g g e r  t h e  count ing c i r c u i t  
(- 6 v o l t s  i n  t h e  p r e s e n t  d e s i g n ) ,  t h e  c a p a c i t o r  can no l o n g e r  perform 
i t s  in t ended  func t ion .  

Change of l eakage  c u r r e n t  w i th  i r r a d i a t i o n  i m p l i e s  a change i n  t h e  
i n j e c t i o n  p r o p e r t i e s  a t  the ox ide - s i l i con  i n t e r f a c e .  Although i n  the 
p rev ious  c h a p t e r  t h e  c o n t a c t s  t o  the oxide (both t h e  s i l i c o n  and the  
metal c o n t a c t )  have been assumed t o  be b l o c k i n g ,  t h i s  assumption i n  
r e a l i t y  is a worst-case assumption. Ample evidence e x i s t s  (such as t h e  
flow o f  pho tocur ren t  o r  t h e  anneal ing o f  space charge bu i ldup  by 
subsequent  i r r a d i a t i o n  a t  a d i f f e r e n t  b i a s )  to  prove t h a t  charge flows 
a c r o s s  t h e  o x i d e - s i l i c o n  i n t e r f a c e  during and a f t e r  i r r a d i a t i o n .  I n  
a d d i t i o n  the p r o p e r t i e s  of t h e  current  flow reasonably f i t  t h e  predic-  
t i o n s  of t h e  Fowler-Nordheim model , showing t h a t  t h e  c u r r e n t  l i m i t a t i o n  
o r i g i n a t e s  a t  t h e  o x i d e - s i l i c o n  i n t e r f a c e  ( f o r  s i l i c o n  b i a s e d  n e g a t i v e l y  
w i t h  respect t o  t h e  metal e l e c t r o d e ) .  

. 

The f a i l u r e  mechanism to  be discussed i n  t h i s  c h a p t e r  is t o  a 
c e r t a i n  e x t e n t  mutual ly  e x c l u s i v e  with t h a t  o f  spontaneous d i scha rge  j u s t  
d i s c u s s e d  i n  S e c t i o n  I V .  
c u r r e n t  t o  flow through t h e  b a r r i e r  a t  t h e  o x i d e - s i l i c o n  i n t e r f a c e  w i l l  
t end  t o  n e u t r a l i z e  t h e  space charge t h a t  forms d u r i n g  i r r a d i a t i o n .  T h i s  
n e u t r a l i z a t i o n  minimizes t h e  p o s s i b i l i t y  of count ing e r r o r  due t o  r a p i d  
charge release i n  a spontaneous discharge even t  and adds i n s t e a d  a 
r e l a t i v e l y  low, continuous component t o  t h e  leakage c u r r e n t  which has 
l i t t l e  chance of i n t r o d u c i n g  an error i n t o  t h e  count ing a c t i o n .  For 

Any i n t e r a c t i o n  which p e r m i t s  more e l e c t r o n  
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g r e a t e s t  device  longev i ty  the  p r e f e r r e d  i n t e r a c t i o n  of  t h e  MOS Capac i tor  
Detector  w i th  i r r a d i a t i o n  is a s l i g h t  i n c r e a s e  i n  leakage c u r r e n t ,  thereby  
minimizing t h e  charge bu i ldup  d i scussed  i n  prev ious  s e c t i o n s .  This 
proper ty  is possessed by many o t h e r  i n s u l a t o r s  as w e l l  as evapora ted  o r  
chemically depos i ted  oxide l a y e r s .  Publ i shed  r e p o r t s  of  charge accumu- 
l a t i o n  i n  such l a y e r s  show fa r  l e s s  space  charge bu i ldup  f o r  a given 
exposure t o  i o n i z i n g  r a d i a t i o n  than  does thermally grown s i l i c o n  oxide .  
Unfortunately one cannot have bo th  a r a d i a t i o n  h a r d  i n t e r f a c e  and a 
s t a b l e  device f o r  many contemporary a p p l i c a t i o n s ;  t h a t  i s ,  i f  one 
enhances e l e c t r o n  i n j e c t i o n  at t h e  i n s u l a t o r - s i l i c o n  i n t e r f a c e  s o  t h a t  
space  charge bu i ldup  is  reduced under i r r a d i a t i o n ,  h e  a l s o  in t roduces  an 
undesired i n s t a b i l i t y  i n t o  device  ope ra t ion .  A nonbloclcing i n t e r f a c e  
i n j e c t s  cu r ren t  whether  t h e r e  i s  a space  charge t o  b e  n e u t r a l i z e d  o r  n o t .  
I n  t h e  absence of a space  charge t h e  i n j e c t e d  carr iers  then e i t h e r  become 
t rapped  and form a space  charge o f  t h e i r  own o r  c o n s t i t u t e  an a d d i t i o n a l  
loop of  c u r r e n t  flow. For  t h e  micrometeoroid c a p a c i t o r  d e t e c t o r  consid- 
e r e d  here ,  a p o s i t i v e  space  charge i s  expected t o  e x i s t  ad j acen t  t o  t h e  
ox ide - s i l i con  i n t e r f a c e  and enhanced e l e c t r o n  i n j e c t i o n  from t h e  n e g a t i v e l y  
b i a s e d  s i l i c o n  would be  bene f i c i a l - - a t  l eas t  i n i t i a l l y .  I f  t h e  i n j e c t i o n  
degradat ion proceeds beyond t h e  l e v e l s  r equ i r ed  t o  mainta in  charge n e u t r a l -  
i z a t i o n ,  it then dominates the  device degrada t ion  under i r r a d i a t i o n .  

No informat ion  appears  i n  the  l i t e r a t u r e  d e s c r i b i n g  the  change of  
c u r r e n t  flow through an MOS c a p a c i t o r  as a func t ion  o f  e l e c t r o n  i r r a d i -  
a t i o n .  Previous R T I  work has  shown t h a t  one consequence of  i o n  implan- 
t a t i o n  of 110s c a p a c i t o r s  i s  t o  decrease  t h e  e f f e c t i v e  r e s i s t i v i t y  of  t h e  
i n s u l a t o r .  This i n t e r a c t i o n  accompanies r a d i a t i o n  hardening  o f  t h e  oxide  
and i s  c o n s i s t e n t  w i t h  a reduced b a r r i e r  t o  Fowler-Nordheim t u n n e l i n g  
as a r e s u l t  o f  t h e  i o n  implanta t ion .  That similar e f f e c t s  should  occur  
wi th  h i &  energy e l e c t r o n s  is not  unreasonable  ( b u t ,  s o  f a r  as can be  
determined, has  not  been demonstrated) .  I n  t h i s  p rev ious  R T I  work t h e  
magnitude of  the  degrada t ion  observed under s u b s t a n t i a l  doses of  i on  
bombardment w a s  no t  d e s t r u c t i v e  of t h e  c a p a c i t o r  s t r u c t u r e s .  I n  f a c t ,  
t he  i o n  implanted oxide  i s  a b e t t e r  i n s u l a t o r  f o r  b u i l d i n g  an MOS c a p a c i t o r  
d e t e c t o r  so  f a r  as spontaneous d i scha rge  i s  concerned. The p e n a l t y  i s  
an i n c r e a s e  i n  the  leakage  c u r r e n t  of  each c a p a c i t o r  by one t o  two o r d e r s  
o f  magnitude. This  i n c r e a s e  i n  leakage c u r r e n t  is  t o l e r a b l e ,  s i n c e  i t  
shou ld  not a f f e c t  t h e  o p e r a t i o n  o f  t h e  d e t e c t o r s .  A reasonable  c r i t e r i o n  
f o r  determining when d e t e c t o r  o p e r a t i o n  is b e i n g  j eopa rd ized  by i n c r e a s e d  
leakage  c u r r e n t  is a va lue  of  e f f e c t i v e  c a p a c i t o r  r e s i s t a n c e  e q u a l  t o  
10 14.Q. This va lue  i s  ten  t i m e s  t h e  series r e s i s t a n c e  i n  t h e  p r e s e n t  
d e t e c t o r  package and guarantees  t h a t  v i r t u a l l y  a l l  o f  t h e  a p p l i e d  v o l t a g e  
appears  ac ross  t h e  c a p a c i t o r  r a t h e r  t h a n  t h e  series r e s i s t o r .  A t  a b i a s  

o f  40 V t h e  p re sen t  d e t e c t o r s  e x h i b i t  l eakage  c u r r e n t s  o f  t o  
amps. Inc reas ing  t h i s  l eakage  c u r r e n t  by an o r d e r  of  magnitude keeps  
t h e  e f f e c t i v e  r e s i s t a n c e  o f  t h e  c a p a c i t o r s  above t h e  10 I42 l i m i t .  Two 
o r d e r s  of magnitude i n c r e a s e  i n  leakage  c u r r e n t  ( p o s s i b l y  as h i g h  as 

A a t  40 V) would beg in  t o  be  n o t i c e a b l e  i n  t h e  d e t e c t o r  o p e r a t i o n  
and power requirements .  
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Leakage Current i n  t h e  MTS Capacitor. - The ox id ized  c a p a c i t o r  t o  
be used on the  MTS c o n s i s t s  of a thermally-grown s i l i c o n  oxide d i e l e c t r i c .  
Previous experience wi th  t h e s e  oxides shows them t o  be a material  o f  h igh  
p e r f e c t i o n  and e lec t r ic  breakdown s t r e n g t h  excep t  f o r  p inho les  o r  weak 
s p o t s  s c a t t e r e d  throughout t h e i r  bulk.  These imper fec t ions  dominate t h e  
leakage cu r ren t  of t h e  c a p a c i t o r  u n t i l  they are e l imina ted .  Many of t h e  
c a p a c i t o r s  w i t h  0.4 pm oxide o r  less e x h i b i t  n e a r l y  ohmic, low r e s i s t a n c e  
c h a r a c t e r i s  t i cs  between the metal and s i l i c o n  e l e c t r o d e s  immediately 
a f t e r  f a b r i c a t i o n .  These c a p a c i t o r s ,  seemingly useless, can b e  sa lvaged  
by a c l e a r i n g  o p e r a t i o n  which c o n s i s t s  o f  blowing t h e  region o f  low 
r e s i s t a n c e  o f f  t h e  c a p a c i t o r  i n  a s e l f - h e a l i n g  d i scha rge  even t  q u i t e  
similar t o  t h e  micrometeoroid i m p a c t  i t s e l f .  The procedure is  t o  slowly 
i n c r e a s e  t h e  dc  vo l t age  ac ross  t h e  c a p a c i t o r ,  presumably c r e a t i n g  very 
h igh  c u r r e n t  d e n s i t y  through the imperfect ion [ r e f .  5.11. Eventual ly  t h e  
i n c r e a s i n g  c u r r e n t  causes such a high temperature  a t  t h e  d e f e c t  t h a t  
thermal runaway occurs  and t h e  r e s t  o f  t h e  c a p a c i t o r  d i scha rges  through 
t h i s  narrow region i n  a dramatic ,  exp los ive ,  l i g h t  e m i t t i n g  discharge.  
The material i n  t h e  p a t h  of  t h e  discharge is vaporized s o  t h a t  t h e  n e t  
e f f e c t  i s  t o  n e a t l y  remove t h i s  weak spo t  from t h e  c a p a c i t o r .  This pro- 
cedure can be c a r r i e d  ou t  t o  h i g h e r  and h i g h e r  c l e a r i n g  vo l t ages  u n t i l  
a l l  weak s p o t s  are removed and t h e  bulk p r o p e r t i e s  of t h e  uniform oxide 
are reached. Attempts t o  i n c r e a s e  the  c l e a r i n g  v o l t a g e  above t h i s  va lue  
are unsuccess fu l ,  and, i f  pursued, lead t o  deg rada t ion  and d e s t r u c t i o n .  

I n  t h e  product ion of t he  capac i to r s  t o  b e  used on PITS, t h e  c l e a r i n g  
o p e r a t i o n  has  been c a r r i e d  o u t  t o  a vo l t age  between 2 and 3 t i m e s  t h e  
in t ended  o p e r a t i n g  v o l t a g e  of t h e  de t ec to r .  For bo th  t h e  0 .4  pm and t h e  
1.0 pm d e t e c t o r s  t h i s  va lue  o f  c l e a r i n g  v o l t a g e  i s  w e l l  below t h a t  
necessa ry  t o  reach i n t r i n s i c  bulk oxide behavior .  Therefore ,  t h e  leakage 
c u r r e n t  of t h e  oxides  t o  be flown on t h e  MTS as c a p a c i t o r  d e t e c t o r s  are 
dominated s t i l l  by t h e  p r o p e r t i e s  of imper fec t ions  o r  weak s p o t s  s c a t t e r e d  
throughout t h e  bu lk  of t h e  oxide.  To p r e d i c t  how leakage c u r r e n t ,  when 
dominated by weak s p o t s  , w i l l  d e t e o r i a t e  w i th  i r r a d i a t i o n  r e q u i r e s  know- 
l edge  of  t h e  conduction mechanisms c h a r a c t e r i z i n g  the  weak s p o t .  N o  
adequate  model o f  this conduction process e x i s t s  a t  p r e s e n t .  The magni- 
tude o f  t he  d e t e r i o r a t i o n  can b e  e a s i l y  determined expe r imen ta l ly ,  
however, as o u t l i n e d  i n  Sec t ion  V I .  

The p r o p e r t i e s  of a d e f e c t  f r e e  oxide are b e t t e r  understood i n  t h a t  
an adequate  model exists t o  exp la in  the observed cu r ren t -vo l t age  proper- 
ties. This model i s  desc r ibed  b r i e f l y  i n  t h e  nex t  s e c t i o n .  

Fowler-Nordheim Model. - The conduction p r o p e r t i e s  o f  t h i n  d i e l e c t r i c  
f i l m s  have been s t u d i e d  i n t e n s i v e l y  over t h e  p a s t  ten o r  f i f t e e n  y e a r s  
and c o n s i d e r a b l e  d a t a  have been gathered on v a r i o u s  combinations of m e t a l -  
i n s u l a t o r - m e t a l  o r  semiconductor sandwiches. Only r e c e n t l y ,  however, h a s  
s u f f i c i e n t  understanding and experimental  f i n e s s e  been a v a i l a b l e  t o  a l low 
models t o  reasonably p r e d i c t  t h e  observed behav io r .  
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Current f l o w  through the  i n s u l a t o r  of a metal- insulator-semiconductor  
(MIS) sandwich can be  e i t h e r  bu lk  l i m i t e d  o r  e l e c t r o d e  l i m i t e d .  I n  t h e  
former case  t h e  c u r r e n t  flow observed between t h e  two metal e l e c t r o d e s  i s  
determined by t h e  bu lk  p r o p e r t i e s  o f  t h e  i n s u l a t o r  between them; i n  the  
l a t t e r  case,  t h e  i n t e r f a c i a l  b a r r i e r  l i m i t s  t h e  c u r r e n t  flow. While t h e s e  
l i m i t i n g  p rocesses  are d i f f e r e n t  i n  o r i g i n ,  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  
t h e  d i f f e r e n t l y  l i m i t e d  systems do n o t  d i f f e r  g r e a t l y  s o  t h a t  d i s t i n -  
gu ish ing  t h e  bu lk  l i m i t e d  case from t h e  b a r r i e r  l i m i t e d  case i s  by n o  
means s t r a i g h t f o r w a r d  and s imple.  

The MOS system, c o n s i s t i n g  of meta l -oxide-s i l icon ,  is  an e l e c t r o d e  
l i m i t e d  system. This s ta tement  imp l i e s  t h a t  t h e  d c  leakage  c u r r e n t  
measured on any given MOS s t r u c t u r e  depends n o t  on t h e  bu lk  p r o p e r t i e s  
o f  t h e  oxide b u t  upon t h e  i n t e r f a c e  between e i t h e r  t he  metal and t h e  oxide  
o r  t h e  oxide and t h e  s i l i c o n ,  depending on t h e  b i a s  d i r e c t i o n .  The case 
t o  be  considered h e r e  is t h a t  i n  which t h e  m e t a l  i s  b i a s e d  p o s i t i v e l y  
w i t h  respect t o  t h e  s i l i c o n  s o  t h a t  c u r r e n t  f low is  determined by e l e c t r o n  
e j e c t i o n  from t h e  s i l i c o n  i n t o  t h e  conduct ion band of t h e  oxide  as p i c t u r e d  
i n  Fig.  5.1. Current  flow i s  through t h e  t h i n  oxide  b a r r i e r  s e p a r a t i n g  t h e  
s i l i c o n  from the  conduct ion band of  t h e  oxide.  

Tunneling through an i n t e r f a c i a l  b a r r i e r  o f  t h i s  type  i s  c a l l e d  
Fowler-Nordheim tunne l ing ,  named a f t e r  t h e  i n v e s t i g a t o r s  who f i r s t  
descr ibed  t h e  model. An expres s ion  d e s c r i b i n g  t h e  c u r r e n t  flow i s  [ r e f .  5.31: 

J = ( q - E  7 2  / 8 ~ r h $ ~ )  exp [- 4!2m)!’ (m*/m)15$B3/2/3hqE] 

2 where 
J is  t h e  c u r r e n t  d e n s i t y  ( A / c m  ) ,  

E i s  t h e  a p p l i e d  f i e l d  (V/cm), 

m - is  t h e  average e f f e c t i v e  m a s s  r a t i o  o f  m 

* 

e l e c t r o n s  tunne l ing  through t h e  oxide forb idden  

band to t h e  f r e e  e l e c t r o n  mass, and 

$, is  t h e  b a r r i e r  h e i g h t  a t  o x i d e - s i l i c o n  i n t e r f a c e  (eV). 

This  equat ion  f i t s  t h e  exper imenta l  d a t a  reasonably  w e l l  f o r  an e f f e c t i v e  
mass r a t i o  between 0 .4  and 0.5.  When t h e  metal e l e c t r o d e  i s  b i a s e d  
p o s i t i v e l y  w i t h  respect t o  t h e  s i l i c o n ,  t h i s  model p r e d i c t s  t h a t  t h e  
c u r r e n t  f low i s  independent  of t h e  type o f  m e t a l  used t o  make con tac t  
s i n c e ,  under t h i s  d i r e c t i o n  of  b i a s ,  t h e  e j e c t i o n  is  from t h e  s i l i c o n  
i n t o  the  conduction band of  t h e  oxide .  A b a r r i e r  h e i g h t  determined 
from photoemission experiments  of  e l e c t r o n s  i n  thermal  oxide  i s  
0, = 3.25 e V  [ r e f .  5-21 ( t h e  doping of t h e  s i l i c o n  is  a l s o  expec ted  t o  
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Figure 5.1. Fowler-Nordheim Tunneling a t  t h e  Oxide- 
S i l i c o n  I n t e r f a c e ,  Netal Biased P o s i t i v e l y  
wi th  R e s p e c t  t o  t h e  S i l i c o n  [ r e f .  5 -11  

. 
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be  unimportant because of  t h e  seve re  band bending a s s o c i a t e d  wi th  such 
h igh  f i e l d s  ( s e e  F ig .  5 . 1 ) ) .  

* 
m 

B m P u t t i n g  9 = 3.25 e V  and - = 0.42 i n  eq.  5-1, y i e l d s  t h e  fo l lowing  

r e l a t i o n  between c u r r e n t  d e n s i t y  and e l ec t r i c  f i e l d :  

J = 4 .74  X 10 -7E2 exp [-2.59 X 10 8 k --1 1 
(5-2) 

Equation 5-2 ho lds  only  f o r  MOS s t r u c t u r e s  w i t h  t h e  m e t a l  b i a s e d  posi-  
t i v e l y  with respect t o  the  s i l i c o n .  P l o t s  o f  t h i s  equa t ion  ove r  t h e  
reg ions  i n  which i t  can be  compared wi th  experiment are given i n  Fig.  5.2.  

2 1 The Fowler Nordheim p l o t  [Ln(J/E ) vs y] i s  shown i n  Fig.  5.2a; a p l o t  

o f  Rn J vs E appears  i n  Fig.  5.2b. The d a t a  p o i n t s  can b e  f i t t e d  t o  
eq. 5-2 q u i t e  w e l l .  

L 

What i s  s i g n i f i c a n t  f o r  t he  MOS Capac i tor  De tec to r ,  however, i s  t h a t  

t h e  p red ic t ed  leakage  c u r r e n t s  a t  t h e  planned o p e r a t i n g  f i e l d  o f  lo6  v o l t s /  
c m  o r  l e s s  a r e  n e g l i g i b l y  s m a l l  ( o rde r s  o f  magnitude less than  what is  
a c t u a l l y  observed) .  The conclus ion  is  t h a t  t h e  l eakage  c u r r e n t  o f  t he  
MOS Detector  i s  dominated by l o c a l i z e d  d e f e c t s  r a t h e r  than Fowler- 
Nordheim c u r r e n t s .  

The c l e a r i n g  o p e r a t i o n  t o  which a l l  t h e s e  c a p a c i t o r s  have been 
sub jec t ed  f u r n i s h e s  a d d i t i o n a l  ev idence  f o r  t h e  e x i s t e n c e  of d e f e c t s .  
The c l e a r i n g  o p e r a t i o n  as it  i s  now c a r r i e d  o u t  ( t o  80 V f o r  t h e  0 .4  vm 
ox ide ;  150 V f o r  t h e  1 .0  pm oxide)  e l i m i n a t e s  t h e  most severe d e f e c t s .  
That o the r  smaller d e f e c t s  should remain a f t e r  t h e  c l e a r i n g  o p e r a t i o n  
t o  80 o r  150 v o l t s  i s  not  an unexpected r e s u l t .  The measurements o f  
leakage  c u r r e n t  t h a t  have been made s u g g e s t s  t h a t  t h e  leakage  c u r r e n t  
of  t h e  capac i to r  as a whole is determined by what flows through a l a r g e  
number of t hese  l o c a l i z e d  reg ions  of  h igh  c u r r e n t  d e n s i t y .  

Even if t h e  Fowler-Nordheim model adequate ly  desc r ibed  t h e  leakage  
c u r r e n t  of t h e  MOS De tec to r s ,  t h e  i n f l u e n c e  o f  i r r a d i a t i o n  upon such  a 
s t r u c t u r e  is s t i l l  an unknown. N o  ea sy  s o l u t i o n  t o  the  problem o f  
r a d i a t i o n  i n f l u e n c e  i n  t h e  Fowler-Nordheim model h a s  been worked ou t .  

Summary. - Understanding of  t h e  leakage  c u r r e n t s  f lowing i n  t h e  
NOS Capaci tor  De tec to r  is poor.  
an adequate model e x i s t s ;  b u t  t h i s  model does n o t  apply t o  t h e  MOS 
De tec to r  whose leakage  c u r r e n t  is d e f e c t  dominated. The i n f l u e n c e  o f  
r a d i a t i o n  upon both  t h e  d e f e c t - f r e e  and t h e  defect-dominated PlOS s t r u c -  
t u r e  is unknown. The magnitude of  t h e  problem can b e  e a s i l y  determined 
exper imenta l ly  and t h i s  s o l u t i o n  i s  d e s c r i b e d  and recommended i n  
Sec t ion  V I .  

For s m a l l  area, d e f e c t  f r e e  oxides  
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Figure  5.2. Current D e n s i t i e s  P r e d i c t e d  by E q s .  5 . 1  
and 5.2 f o r  MOS S t r u c t u r e  wi th  t h e  Metal 
Biased P o s i t i v e l y  w i t h  Respect t o  t h e  
S i l i c o n  [ r e f .  5.21 
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b )  Semilog p l o t  
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SECCION V I  

CONCLUSIONS AND RECOMMENDATIONS 

I n  the  preceding  s e c t i o n s  the e f f e c t  of charged n u c l e a r  p a r t i c l e s  
upon the  e lec t r ica l  p r o p e r t i e s  o f  an MOS c a p a c i t o r  micrometeoroid 
d e t e c t o r  has  been cons idered  i n  some d e t a i l .  The primary emphasis has  
been upon spur ious  s i g n a l s  and c a t a s t r o p i c  f a i l u r e .  The spur ious  
s i g n a l s  have been termed "spontaneous discharge".  
similar i n  a l l  r e s p e c t s  t o  t h e  discharge a s s o c i a t e d  wi th  the  pene t ra -  
t i o n  of a micrometeoroid.  Therefore  i t  is  imperative t h a t  a c r i t i c a l  
assessment of t h e  spontaneous d ischarge  s u s c e p t i b i l i t y  b e  obta ined .  
I n  a d d i t i o n ,  p o s s i b l e  f a i l u r e  mechanisms should  b e  i d e n t i f i e d  so  t h a t  
r e l i a b i l i t y  expec ta t ions  can b e  obtained f o r  t h e  t i m e  i n t e r v a l  of t h e  
mission.  To provide  a d e t a i l e d  assessment,  t h e  e f f e c t s  of charged 
p a r t i c l e  r a d i a t i o n  have been d iv ided  i n t o  t h r e e  d i s t i n c t  ca t egor i e s :  
(1) r a d i a t i o n  induced conduc t iv i ty ,  (2 )  r a d i a t i o n  induced space  charge,  
and (3) r a d i a t i o n  induced damage ( leakage)  . 

These s i g n a l s  are 

(1) Radiat ion induced conciucciviiy cvuld represent  2 ~ r c b 1 - m  if 
t he  conduct iv i ty  w a s  reduced such t h a t  t h e  vo l t age  ac ross  t h e  d e t e c t o r  

w a s  reduced. S ince  t h e  d e t e c t o r  i s  i n  series wi th  a 10 ohm r e s i s t o r ,  

t h e  r e s i s t a n c e  of t h e  d e t e c t o r  m u s t  remain i n  excess  of  10 ohms i f  t h e  
a p p l i e d  v o l t a g e  is  t o  appear  e s s e n t i a l l y  ac ross  t h e  d e t e c t o r .  I n  
Sec t ion  I1 w e  have considered a 1.5 pm S i 0 2  f i l m  ( a  w o r s t  case)  w i th  an 

area o f  20 c m  . With an a p p l i e d  vol tage  of  90 v o l t s  ( s c a l i n g  up of 60 
v o l t s  on 1.0 pm oxide) and t h e  e l e c t r o n  f l u x  p r e d i c t e d  f o r  t h e  MTS 
f l i g h t  a wors t  case a n a l y s i s  y i e l d s  a r a d i a t i o n  induced c u r r e n t  of 

3 x amps. Thus, t h e  equ iva len t  r e s i s t a n c e  of  t h e  S i0  f i l m  would 

b e  3 x l o9  ohms which i s  w e l l  above t h e  10 ohms of  t h e  load  r e s i s t o r .  
The re fo re ,  r a d i a t i o n  induced conduct iv i ty  a s s o c i a t e d  wi th  i n t r i n s i c  
i o n i z a t i o n  shou ld  n o t  degrade the  performance of t h e  MOS c a p a c i t o r  
micrometeoroid d e t e c t o r .  

6 
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(2)  Analysis  does not  provide a c l e a r  p r e d i c t i o n  o f  t h e  importance 
o f  r a d i a t i o n  induced space  charge bui ldup and spontaneous d ischarge .  
I n  S e c t i o n  I11 t h e  space  charge bui ldup is s u b s t a n t i a l l y  d i f f e r e n t  f o r  
t he  v n r c t  case (Fig. 31.) and t h e  " typica l"  r e s u l t s  (F igure  3 .2) .  
Using t h e s e  r e s u l t s  i n  the  ana lys i s  of Sec t ion  I V  c l e a r l y  i n d i c a t e s  
the dilemma. 

d e n s i t y  of  approximately 1014cm-2 throughout t h e  MTS f l i g h t ,  
the i n t e r n a l  e l ec t r i c  f i e l d  due t o  the space  charge is i n  

For the wors t  case ana lys i s  w i t h  a s u r f a c e  charge 



excess  of l o 7  vol ts /cm.  

Thus spontaneous d i scha rge  i s  d e f i n i t e l y  a p o s s i b i l i t y .  For  t h e  more 
realist ic space  charge bu i ldup  r e s u l t i n g  i n  a s u r f a c e  charge of 

approximately 10 
cm. Since t h e  d e t e c t o r s  are c l e a r e d  t o  a f i e l d  of  approximately t h i s  
same value ,  i t  is  d i f f i c u l t  t o  p r e d i c t  t h e  performance. However, one 
f a c t  i s  imminently clear. The c l e a r i n g  ope ra t ion  removes d e f e c t s  o r  
f i e l d  s t r e n g t h  weaknesses which could provide  r eg ions  f o r  spontaneous 
d ischarge  w i t h  space charge bui ldup .  

The maximum f i e l d  f o r  S i 0  i s  l o 7  vol t s /cm.  
2 

12  -2 cm , t h e  i n t e r n a l  e lectr ic  f i e l d  i s  n e a r  l o 6  v o l t s /  

One f a c t o r  which provides  some encouragement is  t h e  apparent  volume 
a s s o c i a t e d  w i t h  t h e  c l e a r i n g  of d e f e c t s .  The d iameter  o f  t h e  r eg ions  
where the c l e a r i n g  event  occurs  is less than  1 mm. The re fo re ,  t h e  r a t i o  
o f  t h e  capac i to r  volume t o  t h e  d e f e c t  volume i s  g r e a t e r  than  5000 f o r  a 

20 c m  S i 0  c a p a c i t o r .  Assuming t h e  spontaneous d i scha rge  occurs  i n  a 

d e f e c t  region and removes t h e  space  charge throughout  t h e  d e f e c t  reg ion  
and t h a t  the  i n t e r n a l  f i e l d  due t o  space  charge is approximately 

10  vol ts /cm,  t h e  spontaneous d i scha rge  p u l s e  would b e  less than 20 
m i l l i v o l t s .  C lea r ly  t h i s  would no t  p r e s e n t  a problem f o r  t h e  MTS 
d e t e c t o r  c i  r c u i t  s . 

2 
2 
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( 3 )  Paragraphs 1 and 2 d i scussed  r a d i a t i o n  induced e f f e c t s  a r i s i n g  
from i o n i z a t i o n  and i n t r i n s i c  charge t r a n s p o r t .  There i s  t h e  added 
p o s s i b i l i t y  t h a t  t h e  e l e c t r o n i c  p r o p e r t i e s  of  t h e  S i02  f i l m  w i l l  no t  

remain constant  w i t h  f luence .  Radia t ion  induced d e f e c t s  o r  s t r u c t u r a l  
changes may be  evidenced i n  e i t h e r  a spontaneous s i g n a l  o r  a catas- 
t r o p i c  f a i l u r e .  
sis ; however, phenomenologically t h e  e f f e c t s  are s i m i l a r  t o  o u r  
t rea tments  i n  Sec t ions  I1 and I V .  A s  shown i n  S e c t i o n  V t h e  leakage 
c u r r e n t  of t h e  NOS c a p a c i t o r  d e t e c t o r  i s  determined by t h e  p r o p e r t i e s  
o f  de fec t s  ("weak spots" )  i n  t h e  oxide.  These are the  r eg ions  t h a t  are 
removed by the  c l e a r i n g  o p e r a t i o n .  P r e s e n t l y  w e  do n o t  have an adequate  
conceptual  model f o r  a d e f e c t  dominated S i 0  f i lm .  Curren t  flow through 

weak spo t s  can be  b a r r i e r  l i m i t e d  o r  b u l k  l i m i t e d .  
t h e  a d d i t i o n a l  rad ia t ion- induced  d e f e c t s  i n t r o d u c e d  i n  t h e  v i c i n i t y  of  
t he  l i m i t i n g  b a r r i e r  could  cause b a r r i e r  m o d i f i c a t i o n s  t h a t  r e s u l t  i n  
i nc reases  i n  leakage c u r r e n t  ; i f  bu lk  l i m i t e d ,  t h e  rad ia t ion- induced  
d e f e c t s  ac t  as  car r ie r  t r a p s  which t end  t o  i n h i b i t  charge n e u t r a l i z a t i o n  
through r e l axa t ion  t i m e  p rocesses .  Consequently , charge bu i ldup  could 
b e  enhanced i n  t h e  reg ion  of ox ide  weak s p o t s ,  i n c r e a s i n g  t h e  vulner -  
a b i l i t y  of t h e  oxide t o  spontaneous d i scha rge  a t  t h e s e  d e f e c t s .  

P r e s e n t l y  w e  are unable t o  p rov ide  a d e t a i l e d  analy- 

2 
I f  b a r r i e r  l i m i t e d ,  
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Recommendations 

With t h e  numerous assumptions necessary t o  o b t a i n  an estimate o f  
the e f f e c t s  of r a d i a t i o n  on t h e  NOS capac i to r  d e t e c t o r ,  i t  i s  adv i sab le  
to  conduct a ser ies  of experiments t o  v e r i f y  t h e  conclusions of t h i s  
s t u d y .  The primary areas o f  concern a r e  s p u r i o u s  s i g n a l s  and excess ive  
leakage c u r r e n t .  Experiments t o  a s ses s  t h e  s e r i o u s n e s s  o f  t h e s e  two 
problems are r e l a t i v e l y  s t r a i g h t f o r w a r d  and should provide a r easonab le  
confidence l e v e l .  The major concern w i l l  b e  f o r  p rope r  i n s t r u m e n t a t i o n  
and proper  s c a l i n g  of t h e  f l u x  rate and energy f o r  a reasonable  i r r a d i -  
a t i o n  pe r iod .  Two s e p a r a t e  experiments w i l l  b e  r equ i r ed  t o  provide a 
reasonable  s imula t ion  o f  t h e  i r r a d i a t i o n  i n  space.  

For t h e  leakage c u r r e n t  an MOS c a p a c i t o r  d e t e c t o r  should b e  
i r r a d i a t e d  wi th  r e l a t i v e l y  high energy e l e c t r o n s .  C e r t a i n l y  a few 
hundred k i l o v o l t s  would be s u f f i c i e n t  t o  achieve t h e  t h r e s h o l d  f o r  
displacement  damage. I n  f a c t  a lower energy may b e  s a t i s f a c t o r y .  
However, t h e r e  i s  some u n c e r t a i n t y  about t h e  optimum energy and a 
r easonab le  compromise i s  300 keV. The u l t i m a t e  f luence  of  i n t e r e s t  

is 1015m-2. The key q u e s t i o n  is t h e  f l u x  rate. Radiat ion damage 
anneals  so  i t  i s  u n r e a i i s t i c  t o  expose the  s a i ~ l e  to che e n t i r e  f l u -  
ence i n  a time i n t e r v a l  t h a t  i s  s h o r t  Compared t o  t h a t  of  r a d i a i i u i l  
damage anneal ing.  Annealing rates vary from minutes t o  hour s .  Some 
r a d i a t i o n  induced d e f e c t s  r e q u i r e  e l e v a t e d  temperature  and even longer  
t i m e  i n t e r v a l s  f o r  anneal ing.  However, w e  are i n t e r e s t e d  p r i m a r i l y  i n  
the  t r a n s i e n t  behavior  of d e f e c t s  and w i l l  cons ide r  t h e  long term 
e f f e c t s  as permanent. Therefore  a reasonable  compromise would b e  t o  

15 -2 3 achieve a f luence  o f  10 c m  i n  about 10 seconds o r  less than one 
hour.  This  could b e  s a t i s f i e d  w i t h  an i r r a d i a t i o n  beam c u r r e n t  d e n s i t y  

2 o f  approximately 1 microamp/cm . 
i n s t a n t a n e o u s  c u r r e n t  d e n s i t y  w i l l  be much greater than t h i s  and i t  
may b e  necessary t o  reduce t h e  average c u r r e n t  d e n s i t y  and extend the 
i r r a d i a t i o n  t i m e  l o n g e r  s t i l l .  (There i s ,  o f  course,  no need t o  extend 
t h e  i r r a d i a t i o n  t i m e  i f  t h e  MOS c a p a c i t o r  d e t e c t o r  does no t  e x h i b i t  
e x c e s s i v e  leakage.)  

I f  a swept beam f a c i l i t y  i s  used, t h e  

One method f o r  t h e  test would be t o  i r r a d i a t e  t h e  MOS d e t e c t o r  
under b i a s  w i th  a one megohm load  r e s i s t o r  i n  series wi th  t h e  d e t e c t o r .  
Measuring the  vo l t age  a c r o s s  t h e  r e s i s t o r  du r ing  and a f t e r  i r r a d i a t i o n  
would p rov ide  a rea l i s t ic  estimate of  t h e  leakage c u r r e n t  problem. 
Assuming a b i a s  of 40 v o l t s  a c r o s s  the MOS d e t e c t o r ,  a vo l t age  drop of  
less than one v o l t  ac ross  the  one megohm resistor w u d d  psobablj: be  
a c c e p t a b l e  on t h e  b a s i s  of leakage c u r r e n t .  Assuming such a l a r g e  
e f f e c t  i s  n o t i c e d ,  a d d i t i o n a l  tes ts  f o r  i m p a c t  d i scha rge  even t s  would 
c e r t a i n l y  be warranted.  I n  f a c t ,  any s i g n i f i c a n t  change i n  e l ec t r i ca l  
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p r o p e r t i e s  should be  fol lowed by an impact experiment t o  make c e r t a i n  
t h a t  the d e t e c t o r  performance has  not  been changed. 

The above experiment i s  o r i e n t e d  toward r e l i a b l e  performance of  
t h e  de t ec to r .  
a s soc ia t ed  wi th  spontaneous d ischarge .  The major problems are detec- 
t i o n  of  t h e  spontaneous d ischarge  and reasonable  s c a l i n g  of  t h e  f l u x  
rate t o  s imula t e  a space  environment. For t h e  MTS a d i sc r imina t ion  
level of 1 v o l t  appears  adequate and should provide only  a moderate 
chal lenge.  
de t ec t ion  c i r c u i t  t o  d e t e c t  a d ischarge  event .  The rise t i m e  may be 
submicrosecond, r e q u i r i n g  megahertz bandwidth t o  see t h e  rise t i m e .  

However, the decay time w i l l  be  a f r a c t i o n  o f  a second wi th  a lo6  ohm 
l o a d  t o  s imula t e  o p e r a t i o n a l  conf igu ra t ion .  Therefore ,  t h e  bandwidth 
w i l l  not  b e  c r i t i c a l  f o r  pre l iminary  obse rva t ions  where d i scha rge  
c h a r a c t e r i s  t i c s  are no t  o f  primary concern. 

Equal ly  important  i s  t h e  occurrence  o f  spu r ious  s i g n a l s  

The primary cons ide ra t ion  w i l l  b e  enough bandwidth i n  the  

Sca l ing  t h e  f l u x  rate w i l l  depend upon two f a c t o r s .  The c i r c u i t  
t i m e  cons tan t  should  b e  s h o r t  compared t o  t h e  t i m e  r e q u i r e d  t o  achieve 

a f luence  o f  10 cm . Also,  t h e  r e l a x a t i o n  t i m e  must b e  considered.  
We can only estimate t h i s  e f f e c t  by n o t i n g  t h e  r e l a x a t i o n  t i m e  f o r  MOS 
devices  which have been i r r a d i a t e d .  The u n c e r t a i n t y  i n  r e l a x a t i o n  
complicated matters. I f  t h e  t i m e  w a s  comparable t o  t h e  MTS mission t i m e  
w e  would ignore  t h e  problem. However, i f  i t  i s  s h o r t  compared t o  t h e  
mission,  anomalous e f f e c t s  due t o  s c a l i n g  t h e  f l u x  ra te  may arise. As 

a f i r s t  t r y  a f l u x  ra te  n e a r  10 cm sec ( a  beam c u r r e n t  d e n s i t y  of  

about .01 microamp cm ) is suggested.  Assuming spontaneous d ischarge  
events  are noted  t h e  f l u x  rate should b e  decreased.  S ince  i t  i s  n o t  
p r a c t i c a l  t o  d u p l i c a t e  t h e  a c t u a l  f l u x  ra te  of space ,  a s tudy  o f  
d i scharge  rate versus  f l u x  ra te  should  b e  cons idered .  I n  t h e  even t  
d i scharge  events  are no t  de t ec t ed  t h e  experiment r e p r e s e n t s  a wors t  
case  and provides  the  needed confidence f o r  t h e  d e t e c t o r  performance 
i n  a nuc lea r  environment. 

15 -2 

11 -2 -1 

2 

F i n a l l y  t h e  ques t ion  of energy f o r  t h e  i r r a d i a t i o n  e l e c t r o n s  
should  be considered.  Simons [ r e f .  3.61  has  n o t e d  a c o r r e l a t i o n  of  
maximum space charge bu i ldup  w i t h  energy d i s s i p a t i o n  o f  t h e  primary 
e l e c t r o n  i n  t r a v e r s i n g  the  S i 0  I n  fact  t h e  maximum bu i ldup  occurs  

when t h e  d i s s i p a t i o n  of  t h e  primary e l e c t r o n  i s  a m a x i m u m  at t h e  
S i0  - S i  i n t e r f a c e .  This  w i l l  occur  a t  approximately 10-20 keV. Thus 

w e  may s imula te  wors t  case w i t h  a f luence  o f  10 cm e l e c t r o n s  a t  
20 keV. 
s imula t ion  must be cons idered .  I f  d i scha rge  even t s  are n o t  d e t e c t e d ,  
t h e  worst  case  experiment aga in  provides  t h e  necessa ry  confidence.  

2 '  

2 15 -2 

Again i f  spontaneous d i scha rge  is observed ,  a more reasonable  
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The spontaneous discharge d e t e c t o r  could b e  a s i n g l e  sweep s t o r a g e  
o s c i l l o s c o p e  wi th  at least  a 10 megahertz bandwidth and 100 m i l l i v o l t / c m  

s e n s i t i v i t y .  
series s i m u l a t e s  t h e  o p e r a t i o n a l  parameters. The i n p u t  t o  t h e  scope 

6 should b e  a c  coupled a c r o s s  t h e  10 ohm r e s i s t o r .  I n i t i a l l y  w e  are 
i n t e r e s t e d  only i n  t h e  occurrence of a s i n g l e  spontaneous discharge.  

A one-microamp/cm2 beam c u r r e n t  w i t h  20 keV primary energy should 
provide a s a t i s f a c t o r y  wors t  case experiment. With t h i s  technique a 
number of  MOS devices  connected i n  p a r a l l e l  could b e  observed. 

B ias ing  t h e  MOS d e t e c t o r  w i t h  a lo6 ohm l o a d  r e s i s t o r  i n  
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